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Ab s t r a c t
In this work bone texture was studied both as a biological 
tissue and also as a two-phase composite material. The orientation of 
the apatite in bone was investigated using several X-ray diffraction 
techniques, including film methods, diffractometry and the Schulz 
texture goniometer. With the latter self-consistent (002) and 
(310) computer-plotted pole figures were produced which showed the 
distribution of the apatite crystals in bone. The shaft of the femur, 
the humerus and the mandible of healthy bovine bone 1^  years old were 
used. The distribution of apatite crystals was found to vary only within 
narrow limits in all the bones investigated.
In order to compare the apatite orientation with histological 
features, microradiographs were produced of sections of femur and 
humerus in three mutually perpendicular planes. These same sections 
were then studied under the polarising microscope. A method of estima­
ting the orientation of the fibrils was devised by finding extinction 
positions of the fibrils when the polariser and analyser were rotated 
together, keeping the specimen stationary. The fibril orientation was 
found to vary abruptly within small regions.
The main conclusion drawn was that the orientation of the apatite 
crystals was more organised thsn the histology of the bone would suggest.. 
It was proposed that the orientation of apatite crystals may be related 
to the mechanical role of the bones.
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In t r o d u c t i o n
This work was started in 1967, and was initiated by an interest 
in the possible piezo-electric effect in bone.
Between 1955 and 1967 Fukada et al, in Japan, published a series 
of papers describing the measurement of piezo-electric moduli in wood, 
silk fibres, bone, polymers, proteins and collagen, (1,2,3,4,5,6,7,8). 
In 1962 Bassett, in the U.S.A., also reported the piezo-electric effect 
in bone (9).
The piezo-electric effect relates stress and electric field.
It is well known that bone growth responds to stress, and thus it was 
proposed that a controlling mechanism had been identified. The two 
possible crystalline piezo-electric components of bone are apatite and 
collagen, and an electric field would ne&j an alignment of the crystals 
It was therefore decided to make a detailed study of the orientation of 
the apatite crystals in bone, also bearing in mind possible directions 
of stress in the bones.
The commencement of the work coincided with a significant devel­
opment by Dr, J. Preedy et al, (10) in the Chemical Physics Department, 
University of Surrey. Data produced from the Schulz texture goniometer 
was used to produce computer-plotted pole figures for polymers. The 
initial goal of this work was to establish that this procedure could 
be applied to bone.
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Cha p t e r I - Bone
Bone is a connective tissue unique to the vertebrates, and ful­
fils a complex role. First, it has a mechanical function in providing a 
framework to support the organs of the body; secondly,it plays a 
dynamic chemical role in helping to maintain mineral homeostasis in the 
body; and thirdly, the medullary cavity in the long bones protects the 
blood-forming cells.
In the two former functions the mineral hydroxyapatite plays an 
important part. Mechanically it stiffens the collagen metrix in bone; 
chemically it provides a reservoir of vital ions including calcium, 
phosphate and magnesium.
In this work the structure of bone is considered from two points 
of view: first, as a composite material; secondly as a biological tissue.
1.1 BONE - A COMPOSITE MATERIAL
Bone is a composite material consisting mainly of collagen, crys­
talline and amorphous apatite, bone cells, blood and mucopolysaccharides.
1.1.1 Collagen
^11 proteins are made up of chains of amino acids, and 
is a fibrous protein. The structure of fibrous proteins can be considered 
at four levels of complexity. The primary structure is the specific 
sequence of amino acids in the polypeptide chain. The secondary struc­
ture relates to the way the chain is coiled. The tertiary structure is 
the way the helix itself is coiled. The quaternary structure is the way 
the coiled chains pack to form fibres.
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The quaternary structure of collagen has not yet been elucidated, 
although several modes of packing of the tertiary tropocollagen molecule 
have been suggested, including staggering and coiling, to account for 
the 640°A banding which is familiar in electromicrographs of decalcified
bone.
1.1.2 Apatite
The apatites are among the commonest and most widely distributed 
of all naturally occurring minerals, and by far the most abundant minerals 
containing phosphorus. The apatite group has the general formula 
A (XO )gZ. A can be represented by calcium, sodium, potassium, magnesium, 
strontium and lead. X can be represented by phosphorus, arsenic, vanadium, 
sulphur and silicon; and Z can be represented by fluorine, chlorine or a 
hydroxyl group. It is noteworthy that the first four possibilities listed 
for A are all common ions in body fluids, as is phosphorus.
The undesirable ions, strontium, lead, and arsenic, are known to 
replace the calcium in bone apatite. Fluorine can also substitute ror 
the hydroxyl group in tooth and bone. Minor substitutions of sodium, 
potassium and magnesium could possibly occur.
The apatite group has hexagonal symmetry, and belongs to the hex- 
agonal bipyramidal crystal class |. The axial ratio a:c remains constant 
within narrow limits in spite of wide variations in composition within the 
apatite group. This is because the crystal symmetry is the external ex­
pression of the atomic lattice arrangement. There is a structural control 
over replacements of ions, depending on ionic size and valency.
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The habit of apatite crystals is short to long prismatic, especially 
in the apatite of crystalline limestone and igneous rocks, with (10Ï0) 
and (lOll) dominant. Thick tabular crystals with (10Î0), relatively large 
(0001), and (10Ï1) occur in pegmatites and veins. Both prismatic and 
tabular habits have been proposed for the bone mineral.
Apatite, has indistinct cleavages on (0001) and (10Î0) and fracture 
is conchoidal and uneven. It is brittle, and has medium hardness and a 
specific gravity of 3.1 - 3.2. Optically, it is uniaxial negative. It 
is interesting that in both igneous rocks and in bone, apatite occurs 
in very small crystals; a fact possibly related to its surface chemistry. 
Apatite is also common in metamorphosed rocks, which have been subjected 
to high temperatures and pressures, and this fits with the stability and 
improved crystallisation of bone apatite on annealing at 800°C.
1.1.3 Bone Cells
The third component of the composite material listed was bone
cells. There are three types of bone cells which are thought to have
the following roles: osteoblasts are associated with the formation of
bone, osteoclasts are associated with resorption of bone, and osteocytes
.are the principal cells in fully-formed bone, and reside in the lacunae.
1,2 BQNE - A BIOGICAL TISSUE
1.2.1 Macrostructupe
The bone studied in this work was mainly l| year old bovine
cortical bone from the femur, humerus and mandible. The position of
these bones in the cow is shown on Fig. 1. Long bones have a structure
shown on Fig. 2. The mandible consists of an inner and outer layer of
cortical bone, with an intervening layer of cancellous bone.
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Reference to the cow skeleton. Fig. 1, shows the position of the 
humerus, and femur,which are load-bearing bones, the stresses being in 
a range of directions during movement. The mandible, being loosely 
fixed at one extremity, is a cantilever.
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1.2.2 Development of a Long Bone
The gpowth of a, long bone is shown in Fig. 3. This emphasises 
several significant points about bone: the matrix is collagenous, the 
tissue is highly vascular, and the gross biological structure of bone is 
complex and undergoes progressive change from the embryo to maturity.
1.2.3 Histology of Bone
The basic structural components of bone are identified in Figs.
4 and 5. They include lamellae, lacunae, canaliculi, a vascular system 
and cells. All bone can be described in this way if we consider that the 
radius of curvature of the lamella in an osteon is small, and in a 
circumferential or interstitial lamella it is large. Bone is continuously 
changing, and Fig. 5b illustrates this by showing one osteon resorbing, 
and another forming.
1.3 TEXTURE IN BONE
Bone shows texture at both the osteon and apatite-collagen levels 
Methods by which the former can be identified include . optical 
microscopy and microradiography, and the latter electronmicroscopy and 
X-ray diffraction.
1.3.1 Anisotropic Properties of Bone
Texture is significant because of its relationship to the 
anisotropic mechanical, (1,2,3,4) physical, and optical properties of 
bone. The relationship of structure to function is well-established 
in physiology and anatomy. Thus it seems possible, that both the 
structure and the anisotropic mechanical properties of bone,are related 
to the stresses to which the bone is subjected in the living animal.
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1.4 LITERATURE SURVEY OF X-RAY DIFFRACTION BY BONE
Bone was first studied by the X-ray diffraction film method in 
about 1926 (12,14). The method showed that apatite crystals were aligned 
with their C axes parallel to the axes of long bones, and that the 
crystals were of very small size (1,2,4,5,10).
The published work on X-ray diffraction seems to be grouped into 
several fields of study. Carlstrom et al (1,2) were mainly concerned 
with the identification of the bone mineral, and the comparison of the
unit cell sizes of biological, mineral and synthetic apatites. Line
ioo .
broadening and low-angle scatter^have been used to determine the size
Crysfals.
and shape of the bone mineral^(2,10,11). In projects related to the 
effect of the fluoride content on crystallite size,diffractometry has 
again been used (7,15,16,17). Changes of the bone mineral with age 
have also been studied (3.18).
Although there is an extensive literature on bone, only a compara­
tively few papers are solely concerned with the orientation of the apa­
tite crystals. The work of Clark and Iball (5,6) was an orientation 
study. As they stated in a review article (5):
"During the past thirty years since the first X-ray crystal 
analysis studies of bone were made, some hundreds of papers have been 
written on this subject, and the results have, on the whole, been 
rather disappointing. No very clear picture of the structure of bone 
is possible even now."
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Ch a p t e r M  - Filh Methods and D i f f r a c t o m e t r y
As described in the literature survey, the application of film 
methods and diffractometry to bone has been well-established. However, 
as the aim of this work was to produce pole figures of the apatite orien­
tation in bone, it was felt that some preliminary work was justified.
The successful use of the Schulz texture goniometer requires well-isolated 
non-overlapping diffraction peaks. The combination of the film and diffracto­
meter work was thus used to confirm the line positions, to check line 
breadths, and to identify the isolated and the overlapping diffraction 
peaks. In addition, the diffractometer profiles of selected sections of 
whole bone,gave an indication of the differences in intensity of peaks 
likely to arise in the texture goniometer work.
2.1 FIBRE DIAGRAMS
The fibre diagrams of rat femur and rat-tail tendon ore,shown 
on Figures 6 and 7. The fibre diagrams of rat femur showed by the 
arcing of the (002) ring that the apatite crystals were orientated mainly 
along the length of the bone. However, it was significant that the inten­
sity of distribution fell by about half in an angle of about 45° to the long 
axis of the bone, and.that the (002) ring was present in the equatorial position
This distribution of orientation was of major interest. The fibre dia­
gram of rat-tail tendon showed that the collagen was highly orientated 
along the length of the fibres, and that in cross section the fibres 
were radially symmetrical. The comparison of this diagram with the 
diffractometer profile of rat-tail tendon was interesting, in that 
both the line and peak at 29 = 7°were readily identifiable.
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X-Ray Diffraction patterns showing preferred orientation 
of Apatite and Collagen in bone
Splinter of Rat femur mounted normal 
to the X-Ray beam
Splinter of Rat femur mounted parallel 
to the X-Ray beam
FIG. 6
-30-
X-Ray Diffraction patterns showing preferred orientation 
of Collagen in Rat-tail tendon
Rat-tail tendon mounted normal to X-Ray beam
Rat-tail tendon mounted parallel to X-Ray beam
FIG. 7
31
2.2 POWDER PATTERNS
The purpose of producing the powder patterns has already been 
described. In addition, it was intended that these eight patterns would 
be a simple way of comparing the bone mineral with naturally-occurring 
fluor-and hydroxyapatite. An indexing chart was prepared from the A.S.T.M 
data and was reproduced with the patterns on Figures 8 and 9.
A table of relevant details of the specimens, experimental method 
and analysis of line widths follows.
Pattern
Number Material
Exposure Time 
Cu ration 
with Ni 
Filter
Width of Lines
A Crystal of 
mineral apatite
1| hours Sharply defined
B Crystal of 
mineral 
hydroxy­
apatite
15 hours Sharply defined
C Cortex of ox 
femur
3 hours Broadened
D Annealed 
cortex of 
ox
3 hours Sharply defined
E Rat femur 3 hours Broadened
F Annealed rat 
femur
2| hours Sharply defined
G Bullock tooth 
enamel
1^  hours More sharply defined than 
bone
H Boiled rat 
bones
3 hours Lines more sharply defined 
than fresh bone, but less 
sharp than annealed bone
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2.2.1 Conclusions
1. The crystal structures of the mineral fluorapatire, hydroxyapatite,
and the mineral in fresh and annealed bones and in teeth seemed to be
consistent with the view that they were all apatite.
2." The lines due to fresh rat and ox bone were broadened and diffuse,
compared with the annealed bone and the mineral apatites, which indicated 
that the crystallite size of the apatite in bone was small and that there 
were lattice defects.
3. In all the patterns (002) and (310) could be identified as isolated
and fairly strong lines. As already mentioned, peak isolation was the most
necessary characteristic for texture goniometer work. Comparison of the
fresh and annealed bone patterns showed that there was no significant 
overlapping of other peaks with (002) and (310). The preliminary con­
clusion could therefore be drawn that these would be suitable planes of 
pole figure work.
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2.3 DIFFRACTOMETER PROFILES OF POWDERED RAT-TAIL TENDON,
POWDERED ANNEALED RAT BONE, AND POWDERED FRESH RAT BONE
Rat tissues were used because they were found easier to powder
than bovine. Three profiles are reproduced on Figuré 10. Their purpose
was to attempt to identify in the fresh bone profile, the peaks due to
the apatite and collagen. The operating conditions of the diffractometer
and chart recorder were standardised. divergence and scatter slits
were found to produce optimum resolution and intensity throughout the
20 = 40 -> 70° range. However, the minimum value of 20 obtainable with
10 slits is 9°. In order to reduce this angle by half, the width of
the holder was increased from 2 cms to 4 cms.
A good powder of rat-tail tendon was produced by cutting fibres 
which had dried for about 10 minutes in air, into 0.5 mm lengths. These 
were placed in a small container and repeatedly snipped with dissecting 
scissors. In about 10 minutes a powder resulted, and this was used 
immediately. It was found necessary to use a gentle method of powdering 
in order not to damage the structure. Success in this was shown by the 
sharp diffraction peaks achieved. A fine powder of fresh bone was pro­
duced by milling in a pot immersed in liquid nitrogen.
2.3.1 Analysis of Profiles
Comparison of the annealed and fresh bone profiles showed the 
improved resolution of the peaks of the former due to the increased
crystallinity. The collagenous tendon profile showed a strong peak
at 29 = 8^  and a hump at 20 = 20*^ c.f. fibre diagram. The profile 
of fresh bone rose steeply towards 20 = 4°. This was not due to the 
direct beam, because the operating conditions were the same as for 
tendon and annealed bone for which there was no such effect. It was 
suggested, therefore, that the shape of the profile for fresh bone
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POWDERED RAT-TAIL TENDON
2^ divergence and scatter slits. 2“ receiying slit 
Rotation 2° per minute 
Tim e constant 2 
Ratemeter 8
POWDERED ANNEALED RAT BONE
2 divergence and scatter slits  
2' receiving slit 
Rotation 2° per minute 
Tim e constant 2 
Ratemeter 4
POWDERED FRESH RAT BONE
divergence and scatter slits  
2° receiving slit 
Rotation 2° per minute 
Tim e constant 2 
Ratemeter 1
16 20 24
in
Z
UJ
28 32 36 40 44 48 52 56 60 64 66
29 in degrees
FfG. 10
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between 20 = 24° and 29 = 4° was due to the combined effect of the 
collagen in bone, and to an amorphous apatite.component.
The (002) and (310) peaks were identified as suitably isolated 
for pole figure work. The fact that (002) was a basal plane and (310) 
a prismatic plane, meant that they might be expected to give comple­
mentary results.
The highest peak in the profile was of no value for texture 
goniometer work because it was a multiple peak due to the planes (211), 
(112) and (300). It may be noted that annealing the bone resolved these 
three peaks.
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TRANSVERSE SECTION OF BOVINE FEMUR
MOUNTED WITH X-RAY BEAM TANGENTIAL TO FEMUR
^2 diverging and scattering slits 
•2 receiving slit 
Rotation 2° per i 
Tim e constant 2 
Ratemeter I
>-
(-
I/)
Z
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LONGITUDINAL SECTION OF BOVINE FEMUR
MOUNTED WITH X-R A Y BEAM PARALLEL TO LENGTH OF BONE
diverging and scattering slits 
2 receiving slit 
Rotation 2° per min 
Time constant 2 
Ratemeter 1
longitudinal SECTION OF BOVINE FEMUR
MOUNTED W ITH X-R A Y BEAM PERPENDICULAR TO LENGTH OF BONE
'2 diverging and scattering slits 
2 receiving slit 
Rotation 2° per 
Time constant 2 
Ratemeter 1
12 16 20 24 28 32 36 40 44 48 52 56 60 64 68
20 in degrees
FIG
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2.4 DIFFRACTOMETER PROFILES OF WHOLE FRESH BOVINE FEMUR
The aim of this series was to obtain the profiles of whole 
bone in two mutually perpendicular planes. If the ratios of the 
(002)and(310)peaks to the multiple (211) (112) (300) peak were 
different in whole bone from the powder, this would indicate the 
extent of the preferred orientation, and also give the intensities to 
be expected in the goniometer work. The profiles were shown on Fig. 11.
(002)
Multiple
Peak
310 
.Multiple 
Peak
Percentage change 
in peak intensity 
of whole bone com­
pared with powder
Powdered rat femur .30 .24
Transverse section 
bovine femur
.6 .16 002 increased by 
100%
310 decreased by 
33%
Longitudinal section 
(X-rays parallel length 
of bone)
.14 .3 002 decreased by 
53%
310 increased by 
33%
Longitudinal section 
(X-rays perpendicular 
to length of bone)
.19 .3 002 decreased by 
39%
310 increased by 
33%
Values for the intensities of the relevant peaks were shown on 
the table above. The figures show that for the transverse section the 
(002)peak was enhanced and (310)diminished compared with the random powder.
In the case of the longitudinal section,(310)was enhanced and(002)dim­
inished. This indicated a dominant orientation of the c-axes of the apatite 
crystals along the length of the bone. However, the fact that there was 
a small (002)peak in the longitudinal profile, and a small(310)peak in the 
transverse profile indicated that apatite crystals were also orientated 
perpendicular to the length of the bone.
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diverging and scattering slits 
0*2 Receiving slit 
Rotation 2° per min.
Time constant 2 
Ratemeter 2
ANNEALED TRANSVERSE SECTION 
OF BOVINE FEMUR
: ^  ..... ' ' 1
: ■ *■
m ______
ANNEALED LONGITUDINAL SECTION 
OF BOVINE FEMUR
MOUNTED WITH X-R A Y BEAM PARALLEL TO LENGTH OF B W E
V2 diverging and scattering slit 
0*2 Receiving slit 
Rotation 2° per min.
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Ratemeter 2
ANNEALED LONGITUDINAL SECTION 
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2.5 DIFFRACTOMETER PROFILES OF ANNEALED WHOLE BOVINE FEMUR
The two specimens used to produce the previous series of profiles 
were annealed at 800°C for 24 hours, and then the experiment repeated.
The profiles were shown on Figure 12.
As found previously both in film and diffractometer methods, 
annealing increased the crystallinity and so sharpened the peaks and 
reduced the background. It was apparent at a glance that in the trans­
verse section the basal (002)plane was enhanced and prismatic planes 
diminished. In the longitudinal section, all the prismatic planes,
(100) (200) (210) (310) (410) were increased in intensity and(002) 
was diminished, but still present.
2.6 CONCLUSIONS
Several conclusions can be drawn from this preliminary work, as 
follows.
CONCLUSION EVIDENCE
1. The bone mineral is 
apatite.
2. Crystal size is 
small.
3. Main orientation 
along length of 
bone.
4. Subsidiary orienta­
tion perpendicular 
to length of bone.
Powder patterns of bone compared with 
crystals of fluor apatite and hydroxyl- 
apatite.
Broadening of lines on powder patterns 
and peaks on diffractometer profiles. 
Also diffractometer profile•of fresh 
bone rises steeply at low angles.
(a) Fibre diagram.
(b) Diffractomer profiles of whole 
bone.
Diffractometer profiles of whole bone.
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Ch a p t e r III - Pole Figures
3.1 EXPERIMENTS TO CHECK THE VALIDITY-OF-USING- THE SCHULZ 
TEXTURE GONIOMETER TO STUDY THE ORIENTATION OF THE 
APATITE CRYSTALS IN BONE
3.1.1 Introduction
' Experiments described in the previous chapter had established that
diffractometer profiles of bone showed the (002) and (310) apatite 
peaks to be isolated. As already mentioned, the main aim of the work 
was to use the Schulz texture goniometer to produce pole figures of 
the apatite orientation in bone. Before embarking on this project, it was 
felt necessary to explore fully the operation of the instrument as applied 
to the study of bone. This would ensure that the resulting pole figures 
accurately portrayed the distribution of apatite orientation in bone, and 
were not due to instrumental effects or other artefacts.
It had to be established that the instrument produced satisfactorily 
resolved and isolated peaks, in both the transmission and reflection modes. 
An investigation was also required concerning regions of the traces where 
the instrument might block the diffracted beam. Experiments to determine 
the optimum size and shape of the bone specimen were very important.
Lastly, the possibility of using the collagen peak at 20 = 7°was investi­
gated .
In the normal use of the texture goniometer to plot pole figures,
20 is kept constant and a and 6 varied simultaneously. By producing traces 
keeping a and 6 constant and varying 20, additional valuable data about 
both the instrument and bone was produced.
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The diagram shows the areas of a pole figure covered by the transmission 
and reflection modes of the texture goniometer. The angles a and 6 shown 
on the diagram are sometimes given different letters in the literature on 
pole figures. Here,the same nomenclature was used as that devised by 
Dr. J. Preedy, so that the data could be used as required by the computer 
program layout.
3.1.2 Profiles of Powdered Bone
First it was confirmed that for a random powder of both fresh and 
annealed bone, when 20 was set at the (002) and the (310) Bragg angles, 
no peaks were produced when a was increased from 0° ^ 70°.
A random transmission mode specimen of powdered bone was then 
prepared, and a complete revolution of 5 was made for a = 70°,75°,80°, 
85°,90°,85°,80°,75°, for (002) and (310). It was found that for (002), 
at a = 70°,75° and 80°, the diffracted beam was obstructed by the 
instrument by an amount varying from 60° to 80° of the whole revolution 
of 6. For the (310) trace the diffracted beam was obstructed for part 
of the a = 70° and 75° revolutions. This lack of data for a small 
angle of ô was rectified subsequently by collecting data for 180° of 5, 
and then turning the specimen through 180° and repeating the same 180° 
of 6 where the beam was unobstructed.
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The resolution of the (002) and (310) peaks for both powdered 
annealed) and fresh bone was next investigated. In the reflection mode, 
keeping 6 constant, for a = 10°,30° and 60°, 28 was increased from 22° 
to 56°. All the traces showed that the (002) and (310) peaks were well- 
resolved and isolated. The traces for annealed bone were reproduced on 
Fig.13. These three profiles illustrated that over the range of a from 
10° to 60° in the reflection mode, the resolution of the (002) and 
(310) peaks was constant. It was apparent that, compared with the trace 
for fresh powdered rat bone shown in Fig. 10, the intensity of (310) was 
high compared with (002). This may have been due to the powdered annealed 
bone specimen being non-random. A flat surface was produced on the 
powdered bone by drawing a microscope slide across it. This would have had 
the possible effect of aligning needle shaped crystals so that the prismatic 
(310) reflections would be enhanced.
' lo
The scanning rate was decreased from 2°0/min to g- 0/min, for 
a = 60°, over the 20 range 42° to 20°. No increase in resolution with 
the slower scanning rate was found, and so 2°0/min was the rate used 
throughout.
Collagen Peak
Repeated experiments were performed to check whether a collagen 
peak at 20 = 8° was obtainable, but without success.
3.1.3 Comparison of the Resolving Power of the Texture Goniometer
and Diffractometer
A comparison was made between the resolution of the profile 
produced by the diffractometer and the texture goniometer, and the latter 
was found to compare favourably. Moreover, the diffractometer required 
a more finely ground powder than the texture goniometer, in order to 
produce comparable results.
—4-S’-
annealed powdered bone 
reflection mode
è  Ji* \ l I
CM
o<= 60
c<= 30
oro
à
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( X = 1 0
FIG, 13 Schulz texture goniometer traces in the reflection mode for a 
specimen of powdered annealed hone. The angle a was fixed 
successively at 60°, 30° and 10°, and 26 increased from 
22° ->• 56°, These three traces show that the (002) and (310) 
peaks are well-resolved and isolated at all values of a.
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Six profiles were produced for a lOOP section of bovine skull, 
for the range of 26 = 22° - 42°, at 6 = 0° and 90°, and for a = 90°,
80° and 70°. They were reproduced on Fig.14. These showed convincingly 
that the (002) peak was present for 6 = 0  and absent for 6 = 90°, for 
each value of a. In addition the intensity of the (002) peak decreased 
from a = 90° to 70?. There was a slight fall in background intensity over 
this range, but the (0021 peak fell more rapidly than the background.
It may be noted that when 26 = 26°, the six intensity values on the 
arbitrary vertical scales, corresponded to six points on the pole figure, 
at the ot and 5 values shown : similarly for 26 = 39.5° for the (310) pole 
figure.
3.1.4 Specimen Size, Shape, and Surface
The conclusion from a series of experiments was that it is 
very important that the specimen is circular, perfectly flat, and has 
no uneven edges. A small circular aluminium holder was made for the 
reflection mode, which was 16mm in diameter, compared with 25mm of the 
standard holder. It was impossible to cut a specimen 25mm in depth with 
the slicing instrument (Macrotome 2) being used, the maximum depth 
obtainable being20mm. In addition, as the Schulz goniometer method 
averages over the area of the specimen, it is desirable to have a 
specimen as homogeneous as possible. A small specimen was thus 
necessary for both reasons.
The specimen was always securely glued to the holder, and then 
carefully cut to the exact size of the holder with dissecting scissors, 
so that the edge was very smooth, and the fit perfect.
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3.1.5 Area of Specimen Irradiated
The area of the specimen irradiated in the reflection and trans­
mission modes was next checked. At (x — 10^ , for (002) the area of the 
rectangle irradiated was (13 x 0.5)mm, and for (310) the value was 
(10 X 0.5)mm. In the transmission mode the area irradiated was approxi­
mately (1 X 5)mm for all values of a.
A check was next made to find out whether it was necessary to 
make a correction for changes in background intensity with change in a, 
when using whole bone. For a = 0°,35° and 70°, 26 was increased from 
22° ->• 48°. The background intensity was found to be constant within 
the limits of accuracy of the experiments. Therefore, the computer 
program was used throughout in the option without background corrections
Conclusions
From these experiments it was concluded that the Schulz texture 
goniometer could used to produce valid (002) and (310) pole figures 
showing the orientation of the apatite crystals in bone. Knowledge 
acquired from these preliminary experiments was subsequently used to 
optimise the operating conditions of the instrument, and the specimen 
preparation.
— 49 —
3.2 POLE FIGURES OF THE APATITE CRYSTAL ORIENTATION IN 
THE DIAPHYSIS (SHAFT) OF BOVINE FEMUR C, USING THE 
SCHULZ TEXTURE GONIOMETER, AND SUPPORTED BY DIFFRACTOMETRY 
AND FLAT-PLATE FILM DIFFRACTION PATTERNS
3.2.1 Introduction
The use of the texture goniometer to study the orientation of 
the (002) and (310) planes of the apatite crystals in bone was considered 
to be justified by the work described in Section 3.1. The next step 
was to choose a bone in which the texture was likely to show maximum 
uniformity, and to find out whether the method produced similar pole 
figures for adjacent sections. Before examining different bones, it 
was important to check that reproducible and consistent results could 
be obtained.
The bone chosen for this systematic study was the shaft of a bovine 
femur. This was because the crystal orientations in this bone have 
already been studied by other workers, as described in the literature 
survey. The morphology of the cortical bone appeared to be regular 
in this region, and also on the medial surface there was a flat area 
from which specimens could conveniently be cut. Healthy bovine bone, 
about I5 years old was readily obtainable, and was therefore used throughout
A series of experiments was devised to produce pole figures of 
several serial sections of the shaft of femur C. Serial sections of a 
piece of the shaft of bovine femur were made, and (002) and (310) pole 
figures produced for each one. In addition, diffractometer profiles, 
and flat-plate') film diffraction patterns were produced for the same 
sections, which provided a check by well-established methods that the 
pole figures were a true representation of the texture.
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3.2.3 Specimen Preparation
’em
the shaft of the femur C. The region chosen had a flat periosteal 
surface, so that longitudinal sections could conveniently be produced. 
The 5 sections listed were produced using Macrotome 2. Each section 
was numbered and the length of the bone arrowed.
For use on the flat-plate camera, and the transmission mode 
of the texture goniometer, ISOp is the maximum permissible thickness of 
bone. Therefore, sections 2 and 10 were not used in these processes. 
However, it was found possible to use the reflection mode of the texture 
goniometer from ot= 0 80® on these specimens. Thus in the cases of
2 and 10, the data for a = 70 80° was obtained from the reflection
mode, instead of the transmission mode. This provided a useful check 
on the validity of the pole figures in the region of a = 70 -> 80°.
This was a difficult region of the stereogram because data from the 
two modes, transmission and reflection, must normally be matched here.
3.2.4 Sequence of Experiments
The reflection mode holder used was 15mm in diameter, but the 
texture goniometer transmission mode, and the diffractometer profile 
require larger specimens, so the order of the experiments on sections
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6 ,7 , and 8 were as follows: transmission mode of texture goniometer,
diffractometer trace, reflection mode (involving reducing specimen size) 
and lastly flat-plate film. In each method all the operating conditions 
were standardised to facilitate the comparison of results.
3.2.5 Flat-Plate Film Diffraction Patterns
The purpose of using the X-ray diffraction flat-plate method for 
examination of the three thin longitudinal sections, and the transverse 
section of bovine femur C, was to provide a second check on the pole 
figure method of studying orientation.
The operating conditions were standardised, using 4 hrs. exposure 
in white radiation, and 2 cm specimen - film distance, so that both the 
(002)and (310)Debye rings were visible on the film. Each longitudinal 
section 6 ,7 ,8, was mounted with the length of the bone vertical, and the 
transverse section was mounted with the radius vertical.
3.2.6 Diffractometer Profiles of Sections 2,6 ,7,8 and 10 of Bovine
Femur C
Each specimen was mounted on the flat back of a standard aluminium 
holder. To conform with the geometrical requirements of the apparatus, 
the level of the surrounding aluminium was built to be co-planar with the 
specimen by affixing layers of sellotape. The operating conditions were 
standardised for comparison of results, as follows:
1° divergence and scatter slits.
1° receiving slits.
Time constant 3.
2c.p.s. 1 X  10 .
20 was varied over the range 22° - 56° at 20/min.
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3.2.7 Pole Figures
Procedure to Obtain a Pole Figure from ' the Texture Goniometer Traces
Reflection Mode
Beginning at a = 70°, each 5° of a was marked on the trace, and 
the 360° of Ô within each 5° span of a was covered by a template. 36 
readings of intensity were taken at 10° intervals of 6 • These values were 
set out on a coding sheet.
Transmission Mode .
The range of intensity for a = 70° in the transmission mode, was 
matched as well as possible with that for the revolution of 5 from 
a = 70° to 65° for the reflection mode. It was not always possible to do 
this completely satisfactorily. The values for a = 75°, 80°, 85° and 90° 
in the transmission mode were determined, using the same scale, and the 
values tabulated.
The computer program plots equal intensities at the chosen 
intensities,which must be at n.5.
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3.2.8 Results
3.2.9 Flat-Plate Film X-ray Diffraction Patterns
The patterns for sections 6,7 and 8 are shown on Fig.15. 
Sections 2 and 10 were too thick to use for this method. Fig. 16 
shows the pattern for the transverse section of bovine femur C.
In addition the pattern for a longitudinal section of another femur 
E is reproduced: In this case a nickel filter was used, the exposure
time being I85 hrs.
3.2.10 Diffractometer Profiles and Analysis
Figures 17 and 18 show the profiles of sections 6,7,8 and 2,10 
and a transverse section respectively of bovine femur C, from 20 = 22°- 56° 
The results are quantified for comparison in the table below.
TABLE A ............
Section
Height of 
002 peak 
above background
Height of 
310 peak
Height of 
multiple 
peak
002
multiple
310
multiple
2 10. 16 70 .14 .23
6 Not present. 
Specimen too 
small.
17 70 .24
7 14 17 75 .19 .23
8 13 22 84 .15 .25
10 13 14 71 .18 .20
Trans­
verse 
section 
of C
80 4 45 1.8 .09
For powdered rat femur
and (310)multiple
= .26
= .20
-55
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FIG. 15 Flat-plate X-ray diffraction patterns ot Sections 6,7 and 8 of 
bovine femur C. Exposure time 4 hrs, white radiation, 2 cms specimen - 
film distance, and length of bone vertical an each case. Arcing of the (002) 
and (004) Debye rings can be seen, and also some arcing of (310) is visible. 
The purpose of the three patterns is to show the consistency of the preferred 
orientation in adjacent sections of femur.
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C k %. -^1*Wk
rf.' #/7fW*
e»ox
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FIG. 16 The upper pattern is for the transverse section of bovine femur^C, 
and the operating conditions were the same as for those illustrated on Fig. ±5 
The radius of the bone was vertical. The arcing of the (002) ring in t e 
equatorial regions indicates a tangential preferred orientation.
The lower pattern is of a longitudinal section of another bovine femur D. _ 
Here a nickel filter was used, and the exposure required was I85 hrs. Arcing; 
of the (002) ring here makes an angle of about 20° with the length o e 1 
Some arcing of the (310) ring is again visible.
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BOVINE FEMUR C
s
n
FIG. 17 Diffractometer profiles of sections 6,7 and 8 of bovine femur C.
The purpose of reproducing the three profiles is to show the 
degree of their consistency and also the isolation of the (002) 
and (310) peaks. The (002) peak is not present on the section 6 
profile, because the section was too small.
-S's “
BOVINE FEMUR
T
transverse
FIG. 18 Diffractometer profiles of longitudinal sections 2 and 10 of
bovine femur C, and the transverse section. The most prominent 
feature is the very strong (002) peak in the transverse section. 
The presence of the (002) peak in the longitudinal section, and 
the 310 peak in the transverse section is evidence of a distri­
bution of orientation with a component in the radial direction of 
the bone.
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3.2.11 Pole Figures
The (002) and (310) pole figures for sections 2,6,7,8 and 10 are 
shown in Figures 19 to 28. The length of the bone corresponds to the 
N-S meridian in each case.
3,2.12 Proposed Method of Quantifying the Degree of Orientation in
the (002) Pole Figures
A simple quantitative method of comparing the degree of orienta­
tion is proposed below. The angles a, 3s are defined as the angles through 
which the intensity of poles falls by half.
The intensities are obtained from the contour levels.
Two assumptions are made, namely that the minimum contour value 
represents the minimum intensity, and that the maximum contour intensity 
represents the maximum intensity. These assumptions are approximately 
correct.
The table over shows the result of applying this method to the 
002 pole figures for sections 6,7, and 8.
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Section ai *2 Pi 2^ 3^
6 43 30 only falls by 64% in 90°
7 34 32 90° 90° 90° 90°
8 45 44 only falls by 64% in 90°
3.2.13 Analysis of Results and Conclusions from the Pole Figures, 
Diffractometer Profiles and Flàt-Plàte Film Patterns of 
Serial Sections of Bovine Femur C
The aim of this section was to find out whether the results
obtained from the three methods of analysing the orientation of the
apatite crystals in bone produced consistent results. In addition, it
was necessary to find out whether the results were reproducible in
adjacent sections.
3.2.13.1
Analysis of Flat-Plate Diffraction Patterns of Femur C, Sections 6,7 and 8 
All three patterns of the longitudinal sections of bone showed arcing 
of the (002) ring in the N-S regions, which signified a dominant orientation 
of the c-axes of the apatite crystals along the length of the bone.
However, the fact that the (002) ring was present,(although less intense) 
in other regions,indicated that there was a distribution of orientation of 
the apatite crystals in the radial direction in the femur.
The diffraction pattern of the transverse section of femur C 
reproduced on Fig. 16 showed arcing of the (002) ring in the E-W position 
This signified that crystals were more strongly orientated with their 
C axes tangentially than radially.
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On Fig. 16 a longitudinal section of a, similar femur D 
was shown. In this case a nickel filter was used, whereas white radiation 
was used for the other patterns. This pattern showed that the effect 
of the nickel filter was to increase the resolution and clarity of the 
pattern, but because of the long time required for the exposure the method 
was not used routinely.
3.2.13.2
Diffractometer Profiles of Longitudinal Sections 6,7,8,2 and 10, and 
a Transverse Section of Bovine Femur C
The six profiles for sections 6,7,8,2 and 10 and the transverse 
section were shown on Figures 17 and 18* The (002) peak was not present 
on the profile for 6, because this specimen was used in the reflection 
mode of the texture goniometer before the diffractometer trace was made. 
Having thus cut the specimen to the 15mm diameter circle, it was too small 
to show 20 angles less than about 30°. It was after this error that the 
optimum order of experiments was devised and obeyed.
The (002) and (310) peaks on the traces were compared quantitatively
in table A , by calculating the ratio of these peaks with the multiple
peak (112)(211)(300). The value of the ratios multiple^pe^
(310) taken from the profile of powdered rat femur, were 0.26
multiple peak^
and 0.20 respectively. Compared with these values, it could be seen from 
the table A  , that the (002) peak was diminished and the (310) peak enhanced 
in each case. This indicated that the dominant orientation of the apatite 
crystals was with their c-axes lying in the plane of the section. However, 
the fact that the (002) peak was present in the profiles 2,7,8 and 10 
indicated that there were (002) planes orientated in the plane of the 
section. Thus there was a distribution of apatite crystals with their 
c-axes in a radial direction.
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The profile for the transverse section of the femur showed (002)
a very strong and narrow peak, higher than the multiple peak, the ratio
002
being 1.8. The average value of the ratio j^ Y^tip'le~peak sections
2,7,8,10 was .16. Thus it could be concluded from the diffractometer
profile method that the orientation of apatite c-axes was about 11 times 
more strong in the direction along the length of the bone than in the 
radial direction.
3.2.13.3
Analysis of (002) and (310) Pole Figures for Longitudinal Sections
6,7,8,2 and 10 of Bovine Femur C
The (002) pole figures of sections 6,7 and 8 all showed maxima 
in the N-S regions. Since the N-S direction on the pole figure represen­
ted the length of the bone in each case, the dominant orientation of c-axes 
of the crystals was along the length of the bone. What the pole figure 
could reveal that the film and diffractometer methods could not, was the 
distribution of orientation in three dimensions. The (002) pole figures 
of sections 6,7 and 8 all showed that the intensity of distribution 
of the c-axes of the apatite crystals, decreased from the N-S maxima, 
in all directions. Round the periphery of the pole figure, which rep­
resented the distribution of c-axes in the plane of the specimen the 
intensity fell by about half, from the N-S direction to the E-W direction, 
(angle g in quantifying method). In the plane normal to the plane of 
the specimen, represented by the N-S line on the pole figure, the average 
angle through which the intensity of distribution decreased by half 
was 38°.
Comparing the three methods: pole figure, film, and diffractometer, 
the first fundamental conclusion was that all indicated a dominant orienta­
tion of c-axes of apatite crystals along the length of the bone. However, 
it was distribution of intensity that was of most interest.
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The film method, showed the intensity of the (002) Debye ring 
reduced by about half from the. N-S to E-W position, and this was 
consistent with angle 3 as defined on the pole figure. The diffracto­
meter profiles showed the (002) distribution 11 times more strong 
along the length of the bone than radially, and this confirmed the 
order of magnitude of the difference in distribution shown on the pole 
between the N and S poles and the centre of the equator on the pole 
figure.
No mention has so far been made of the (310) pole figures. These 
all showed an equatorial line of peaks. As (310) was a prismatic 
plane and (002) a basal plane, the (002) and (310) pole figures thus 
provided mutually consistent pairs. Moreover, the distribution of 
orientation of the (310) planes was consistent with that of the (002) 
planes.
As described earlier, the (002) and (310) pole figures for 
sections 2 and 10 were produced entirely in the reflection mode from 
a = 0° to 80°, because they were too thick to use in the transmission 
mode. The makers recommend that the maximum value of a in the reflection 
mode is 70°. However, as it was found possible to increase this value 
to 80° (not 85° as in section 2), this provided a valuable check on 
the region of the pole figure at ot = 70° where normally data from 
the reflection mode and transmission mode have to be matched. The 
similarity of appearance of the pole figures for sections 2 and 10, 
and 6,7 and 8 in this region suggested that the matching had been 
valid.
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The final conclusion of this portion of the work was that the 
(002) and (310) pole figures of the orientation of the apatite crystals 
in adjacent sections of bone were consistent and reproducible, and that 
their validity could be confirmed by well-established diffractometer and 
film methods.
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3.3 DETERMINATION OF THE ORIENTATION OF THE APATITE CRYSTALS IN
BOVINE HUMERUS AND MANDIBLE.. USING THE SCHULZ TEXTURE GONIOMETER, 
DIFFRACTOMETER AND FLAT-PLATE FILM DIFFRACTION PATTERNS
3.3.1 Introduction
The work described in section 3.2 had established that the 
Schulz texture goniometer could be used to produce reliable pole 
figures showing the orientation of the apatite crystals in the bovine 
femur. Two other bones were next chosen for study, namely a bovine 
mandible and humerus. The mandible seemed a particularly suitable 
bone because it had flat areas from which flat specimens could 
conveniently be cut. Also, being loosely fixed at one end, it might 
be considered to act as a cantilever, and to be subjected to 
different types of stresses from those in a long bone. The humerus 
was chosen for comparison with the femur, being another long bone.
As illustrated in figure 1 of a cow, the humerus was a shorter 
bone than the femur, with a short shaft. As in the case of femur C, 
a series of experiments was devised for the humerus and mandible as 
summarised in the following table.
3.3.2
Specimen Thickness
Diffractometer
Profile
Flat
Plate
Film
Schulz tecture goniometer Pole
FigureReflection Transmission
002 310 002 310 002 310
Mandible 1 13 Oy / / / / / / / /
Mandible 2 IlOy / / / / / / /
Humerus 1 50y
•
/ / / / /
Humerus 3 . 140y / / / / / / /
3.3.3 Specimen Preparation
In the case of the diffractometer profiles, longitudinal 
sections of humerus and mandible, which were of the same size as the 
specimen holder normally used in diffractometry,were prepared.
Thus the bone could be mounted directly in the clip. The specimens 
were cut from the part of the bone adjoining the regions from 
which the thin sections for the pole figure and film work were made.
The mandible sections were prepared from the medial surface of the 
bone in the flat region below the molar teeth. Section 1 was periosteal 
and section 2 midosteal. Section 1 of the humerus was midosteal and 
from a flat area near the upper joint: section 3 was midosteal and from 
the shaft.
3.3.4 Defined reference direction on humerus and mandible sections 
As described previously, the defined reference direction of
the shaft of bovine femur C sections was the length of the bone, 
that is the superior-inferior direction. In the case of the humerus 
the length of the bone was again the defined direction. In the case 
of the mandible it was considered logical to keep the defined 
direction the superior-inferior direction, so that in a longitudinal 
section through the cortical bone of the mandible, the defined direction 
was perpendicular to the long axis of the mandible.
3.3.5 Method
Flat-plate film diffraction patterns were produced for the 
two mandible and two humerus thin sections. The exposure time was 
3 hrs. for mandible and 4 hrs. for humerus. Specimen-film distance was 
2 cms., and white radiation was used. Diffractometer profiles from 
20 = 22° 44° were produced for the two diffractometer specimens.
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(002) and (310) pole figures were prepared for all the sections with 
the exception of the (310) humerus 3 pole figure which would not plot, a 
point which will be discussed later.
3.3.6 Results
3.3.6.1 Flat-plate film diffraction patterns
The flat-plate diffraction patterns of mandible 2, and humerus 
1 and 3 are reproduced on figure 29. The latter two films were 
exposed for a period of 4 hrs. This had the effect of rather over­
exposing the central region of the pattern. However it revealed the 
(310) and (004) rings, and arcing can be seen in both of these.
The mandible and humerus specimens were mounted so that the defined 
direction was vertical.
3.35.2 Diffractometer profiles
The diffractometer profiles for the longitudinal sections from 
the shaft of the humerus, from the mandible are sho\m on figure 30. 
The results are quantified for comparison in the table below.
Section Height of (002) Peak
Height of 
(310) Peak
Height of 
Multiplepeak
002
Multiple
310
Multiple
Humerus 11 14 60 - .18 .23
Mandible nil 16 49 nil .33
Average value 
for femur C
.17 .23
These results show that for the humerus the value of the ratio
002
multiple is .18 and for the mandible ml, as (002) was absent in the
310
mandible profile. The multiple ratio for the humerus was .23 and 
for the mandible .33. The corresponding average values for femur C 
are also given in the table.
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FIG 29 Flat-plate X-ray diffraction patterns of sections 1 and 3 of bovine 
'humerus and section 2 of bovine mandible. The uppermost pattern shows 
gjoQpug of the (004) ring making an angle of about 40° with the length of the 
bone. The middle pattern of section 3 of humerus which was a section from 
the shaft of the bone shows arcing in the N-S regions, indicating a longi­
tudinal orientation of c-axes. The lower patterns show equatorial arcing 
of the (002) ring corresponding to a dominant orientation of c-axes along 
the length of the mandible.
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humerus
-a
-s
mandible
m
EIG. 30 Diffractometer profiles of longitudinal sections of bovine humerus 
and mandible. The absence of the.(002) peak and the sharpness of 
the prismatic (210) and (310) peaks on the mandible profile is 
consistent with the fact that the.pole figures.for the mandible 
show a higher degree of orientation than the shaft of the humerus.
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3.3.6.3(002) and (310) pole figures for bovine humerus and mandible 
The (002) and (310) pole figures of section 3 were shown on 
figures 31 and 32. The (002) pole figure of humerus section 1 was 
shown on figure 33. The (002) and (310) pole figures for mandible 
sections 1 and 2 were given on figures 34-37. An analysis of the 
degree of orientation of the (002) pole figures was given below.
Specimen “i ^2
a(average) e. 3(average)
Humerus 1 27 18 22° 43 50 55 50 49°
Humerus 3 25 23 24° 62 55 30 57 51°
Mandible 1 15 18 •16° 25 30 25 40 30°
Mandible 2 35 20 27° 90 90 90 90 90°
Femur C
(average value)
38° 90°
3.3.7 Conclusions from the pole figures, diffractometer profiles and 
flat-plate film diffraction patterns of humerus and mandible, 
and comparison with femur C
Humerus
The (002) pole figure for section 3, fig. 31, showed maxima 
making an angle of about 10° with the length of the bone. As in the 
case of the femur, there was a distribution of intensity over the 
whole pole figure. The (310) pole figure showed a line of equatorial 
peaks consistent with the (002) polar peaks.
Figure 33 showed the (002) pole figure for section 1 of the 
humerus, which was a section near the joint. Here data between the 
angles a = 70° and 90° gained from the transmission mode showed the 
pole maxima making an angle of about 40° with the length of the bone.
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It was clear in this pole figure that the outer region transmission 
mode data did not match with the reflection mode data. Moreover the 
(310) pole figure would not plot. This illustrated the point that 
for the transmission mode and reflection mode data to match, the 
material must have a fairly uniform texture. Otherwise the fact 
that the two modes irradiate different areas and depend on different 
principles will prevent matching.
The fact that section 3 of bovine humerus was the only 
specimen taken from the region near a joint where the texture was 
likely to be variable presumably accounted for the pole figure 
characteristics. The (002) pole figure showed a distribution of 
intensity of poles in a similar manner to that seen in the femur C 
pole figures. The humerus diffractometer profile confirmed this 
distribution because for the longitudinal section the (310) peak was 
enhanced compared with a powder profile, but the (002) peak was 
present indicating a radial orientation of c-axes in the bone.
The flat-plate film diffraction pattern confirmed the (002) 
pole figures : the maximum orientation in sections 1 and 3 made
angles of 40° and 10° with the length of the bone. The line of
peaks on the (310) pole of section 3 was consistent with the (002)
pole figure, as it made an angle of about 10° with the equatorial line
Mandible
The (002) and (310) pole figures for sections 1 and 2 of
bovine mandible were shown on figures 34 to 37. In the (002) pole
figures the maxima make an angle of about 10° and 15° respectively
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with the long axis of the mandible. (The N-S line on the pole figure 
represented the superior-inferior direction on the mandible). The 
(310) pole figures showed a line of peaks along the N-S meridian, 
which was consistent with the (002) pole figures.
The flat-plate film diffraction patterns confirmed the (002) 
pole figures of sections 1 and 2 because the dominant orientation made 
an angle of about 10° with the length of the bone. Measurement of 
angle a shows it to have a smaller value than for the femur and 
humerus. The intensity of poles decreased by half in an angle of 21°, 
and continued to fall rapidly inside this angle. This conclusion was 
confirmed decisively by the diffractometer profile for the longitudinal 
section of mandible, in which the (002) peak was absent and the (310) 
peak was 50% stronger than in the femur.
The comparison between the distribution of orientation in the 
three bones was summarised in the table below, and in the graph, 
figure 37a.
Femur C Humerus Mandible
Direction of 
maximum orientat­
ion of C-axes of 
apatite
along length of 
bone
at angle of 10-40° 
with length of 
bone
at angle of 5-10° 
with long axis
Degree of distr­
ibution of 
average value of 
a
38° 23° 21°
(002)
(Multiple peak) 
for longitudinal 
section
0.17 0.18 nil
(310)
(Multiple peak) 
for longitudinal 
section
0.23 0.23 0.33
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F inal Con c l u s i o n s
The following conclusions could be drawn from the work described 
in this chapter.
1. The (002) and (310) pole figures of the apatite orientation in 
bone were confirmed by diffractometer and film methods.
2. There was a distribution of orientation in three dimensions.
3. Adjacent sections of midosteal shaft of bovine femur had similar 
textures.
4. The texture of the cortical bone near a joint was not uniform.
5. The maximum orientation of c-axes of apatite crystals was
along the length of the shaft of the femur but in the case of the 
humerus and mandible the c-axes direction made an angle with the 
length of the bone.
6. The degree of orientation was higher in the mandible than in 
the burner us and femur.
7. The diffractometer profile showed no apatite crystals orientated
with their c-axes normal to the plane of the mandible. This was
markedly different from humerus and femur.
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Ch a p t e r IV - H i stology of Bone
4.1 •INTRODUCTION
The pole figures had shown that there was an organised distribu­
tion of orientation of the apatite crystals in bone. The purpose of 
the work described in this chapter was to examine bone at the osteon- 
lanBlla level, and to look for evidence of directional structures.
In order to relate the material in this chapter to established work on 
bone structure, a brief review was made of previous relevant work in 
four fields. These were microradiography of bone; collagen fibril 
orientation based on polarising microscope work; collagen - apatite 
orientation evidence from electronmicrographs, and lastly the aspects 
of the histology of bone which were particularly applicable to this work 
on primary bovine bone.
4.1.1 Microradiography
Microradiography has been used to examine the structure of bone 
at the level of the osteon. Cartwright (1), Currey (2), and Evans (3) 
are among those who have used the method to compare the histology of 
bone in transverse section with the mechanical properties, and in 
particular the ultimate tensile and compressive strengths. The method 
appeared to have been more frequenly applied to transverse than to longi­
tudinal sections of bone. What the method revealed was that the osteons 
were composed of less dense material than the surrounding lamellar bone. 
Haversian canals, canaliculi, and other canals, and resorption cavities 
were also revealed as prominent features in microradiographs, because 
they were transparent to X-rays.
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4.1.2 The Orientation of the Collagen Fibrils in Bone, Based on 
Observations with the Polarising Light Microscope
A. Ascenzi, in several papers, has described features of bone, 
which can be seen in the work shown later in this chapter. He con­
sidered (4,5) that the collagen fibrils were spiralled in the plane of 
lamellae. In the osteons, the fibrils can have different configurations. 
Ascenzi and Bonucci (7,8) published two papers in which they described 
the fibril pattern in single osteons as seen under the microscope with 
cross-nicols, and they correlated the different appearance of osteons 
with their mechanical strengths. They confined the examination of the 
appearance of the osteon to the transverse section. Their results were 
interesting because they described osteon types which could be identified 
in the subsequent photographs shown in this chapter. A summary of these 
three types is given below.
Type 1 2 3
Structure Fibrils have a 
transverse spiral 
course in succes­
sive lamellae.
Fibrils in one 
lamella are longi­
tudinally spiral, 
and in next lamella 
transversely 
spiral.
Fibrils longitudi­
nally spiral, and 
the angle almost 
the same in succe­
ssive lamella.
Appearance Homogeneously 
bright in cross- 
section.
Adjacent lamella 
dark and light.
Homogeneously 
dark, frequently 
bordered by a 
bright lamella.
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All these types are visible in the transverse section of the 
humerus. Fig.4-7
4.1.3 Electronmicrographs of Bone
Many workers have studied bone using the electron microscope 
(12,13,14,15,16,17). For decalcified bone, the 640 A^ banding was 
visible, and the fibrils were seen to be orientated mainly in one 
direction. However, the magnification was so great and the specimen 
so small that it was necessary to bear this point in mind when relating 
electronmicrographs results to this work. It was possible that variations 
in orientation of the collagen fibrils would not be detected because of 
the small field of view.
For undecalcified bone electronmicrographs appear to show the 
apatite crystals lying either around or within the collagen fibrils. 
It IS possible that the cutting process may produce some aligning 
and recrystallisation.
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4.1.1+ The Histology of 'Bone
The histological structure of hone, and particularly of human 
bone,is well-established and there are several comprehensive and 
standard works on histology which include chapters on bone (18).
A brief review of bone histology based on human bone was given 
in section 1.2.3, and figure 4 was reproduced from Ham’s textbook.
The amount of literature on human bone far outweighs that on 
bone of other vertebrates. A comparative histology of recent bone of 
vertebrates was published by Foote in 1916, and by Amprino and Godina 
in 1947. The most useful paper which related directly to this work 
was Enlow and Brown’s (19) ’Comparative Histological Study of Fossil 
and Recent Bone Tissues’. The work reviewed the structural bone patterns 
of all the major vertebrate groups. The bones were classified into 
vascular and non-vascular: there is no doubt that l| year old bovine 
bone belongs to the former.
The vascular bones were subdivided according to the pattern which 
the vascular canals make. The sub-divisions were self-explanatory and 
were, longitudinal, radial, reticular (unorganised reticulum) plexi- 
firm (regular, well-defined plexus) and laminar. This work was quoted 
in order to illustrate the point that it was well-known that the pattern 
which the vascular canals make in bone can vary. In fact, the micro­
radiographs and microscope photographs shown later in this chapter seem 
to illustrate most of these possible patterns of canals in bovine bone 
of the femur and humerus.
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4.2 EXPERIMENTAL WORK
if.2.1 Preparation of Spécimens of Femur and Humérus for Histological
Study
A cube of cortical bone was cut from the shaft of a bovine femur 
using first a saw, and then Macrotome 2. Three mutually perpendicular 
sections were then cut from the cube, namely a transverse section (1) a
longitudinal-radial section (2), and a 
longitudinal-tangential section (3).
The order of cutting of the sections was 
1,3,2. This was significant because 
the consequence was that longitudinal- 
radial section was of the periosteal (outer) 
part of the bone. This needs to be borne 
in mind when interpreting the results.
The length of the bone was defined on the longitudinal sections, and the 
radius was defined on the transverse section. A similar group of sections 
was produced for a cube of bovine humerus, which was cut from the medial 
side of the superior end of the shaft.
4.2.2 Summary of Experimental Work
The sections, and experiments performed are summarised over.
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4.2.3 Microradiographs
The sections were secured in the camera by small strips of tape.
For some specimens this caused absorption of the X-rays and a less exposed 
shape was seen at the extremities of the microradiographs. The operating 
conditions were 10 K.V., 5 m.-A. The exposure time was 30-60 seconds, 
depending on the thickness of the specimen. Electronmicrograph plate
was used, and this was cut to the correct size for the camera.
4.2.4 Optical Microscopy
Having completed the microradiographs, optical microscope work was 
commenced without delay in order to minimise the drying out of the speci­
mens. The bone sections were each placed on a labelled slide, immersed in 
a few drops of distilled water and a cover slip put in place. Any staining 
was considered unnecessary and undesirable.
In order to define the orientation of the specimens each was rotated
on the stage so that the line marking the length or radius of the bone was'
in the N-S position and so corresponded to the height of the photograph.
In some cases the biro line can actually be seen at the left hand side of 
the photograph.
Each specimen was first photographed in ordinary light. Then the 
nicols were crossed in the N-S and E-W position. Having taken a photograph 
the analyser and polariser were each rotated through 30°, 45°, 60° and 90°, 
and a photograph taken in each position. The exception was that not all 
sections were photographed in the position with the analyser and polariser 
rotated through 90°. This was because it had been checked that the result 
was the same as for the initial position of the analyser and polariser.
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The six specimens were then decalcified for 6 days in E.D.T.A. 
and the microscope work repeated. In all the optical work up to this 
point all the interference colours had been confined to first order 
white, black and grey. However, at this stage higher order interference 
colours appeared in one of the longitudinal sections. Consequently, 
the décalcification process was completed using 0.5N HCl for 2 days.
The microscope programme was then repeated on the 6 decalcified sections. 
In this case a few variations in the order of exposures were'made to allow 
examination of features of special interest.
4.3 RESULTS
4.3.1 Microradiographs
The six microradiographs each x 35 were reproduced on figures 
38-4d. The length of the longitudinal sections and radii of the transverse 
section were shown.
4.3.2 Microscope Photographs in Ordinary and Polarised Light 
with Rotated Crossed-Nicols
The series of photographs were shown on figures 44-46 for undecalcified 
femur, and figures 47-50 for undecalcified humerus.
In each case the top photograph is in ordinary light, and in order verti­
cally below the crossed nicols were in the N-S, E-W positions, and then 
rotated together clockwise through 30°, 45°, 60° and in a few cases 90°, 
which should be the same as 0°, and so was not done in all cases.
4.3.3 Use of Joyce-Loebl Microdensitometer to Measure the Degree of 
Transparency of the Negatives
4.3.3.1 Introduction and Method
The degree of blackness of the positive prints of the microscope
prints was related to the orientation of the fibres.
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Microscope Photographs of Transverse Section 1 of Femur^ in Ordinary Light
and with Rotating Crossed Nicols.________________ ___ ________ ________
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FIG. 4lf
Osteon A remains dark in all positions of the crossed-nicols and is there­
fore isotropic. B is white on FT30 and grey and white on FT45 and FT60. 
The direction of the fibrils at B were therefore approximately parallel 
to the nicol directions in FT30. D is another isotropic osteon, in which
the fibrils are orientated approximately along the length of the osteon.
At C the plane of the fibrils is parallel to the FT30 nicol directions.
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Microscope Photographs of Longitudinal-Radial Section 2 of Femur, in Ordinary
Light, and with Rotating Crossed-Nicols.
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FIG. 4 5
Lamellae:can be seen in the vertical plane. The rotating crossed-nicols 
indicate^  that the fibril direction is either along the length of the 
lamellae or radial.
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Microscope Photographs of Longitudinal-Tangential Section 3 of Femur, in
Ordinary Light, and with Rotating Crossed-Nicols._____________________
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FIG. 4b
/As H is white, except in FLTo^ & FLT^o, the direction of the fibrils is 
longitudinal or radial in the osteon.
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Microscope Photographs of Transverse Section 1 of Humerus in Ordinary
Light, and with Rotating Crossed-Nicols. _______ ___________
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FIG. 47
Osteon A remains black with crossed-nicols, and the fibrils therefore lie 
along the length of the osteon. The lower half of osteon B is white in HTo 
and black in other positions of the nicols. This indicates that the orienta­
tions of the fibrils are parallel or perpendicular to the lamellae.
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Microscope Photographs of the Transverse Section 1 of Humerus, in
Ordinary Light and with Rotating Crossed-Nicols, Showing Lamella LL.
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FIG. 48
The central region of this Lamella is isotropic. Osteons can be seen 
forming along the edges of the lamella. At P and Q the fibril direction 
is parallel or radial to the lamellae.
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Microscope Photographs of Longitudinal-Radial Section 2 of Humerus, in
Ordinary Light and with Rotating Crossed-Nicols .________________ _
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FIG. 49
The area A is dark on MLR., and white on the other photographs, which 
indicates that the fibrils are orientated either longitudinally or 
radially in the lamellae.
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Microscope Photographs of Longitudinal-Tangential Section 3 of Humerus,
in Ordinary Light and with Rotating Crossed-Nicols.__________________
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FIG. 50
Area C is black in HL^^ and white or grey in the other positions. This 
indicates that the fibrils direction is longitudinal or radial in the osteons,
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Of the five or six photographs of each of the six undecalcified 
sections of bone, the two relevant to this study were those with the crossed- 
nicols in the N-S, E-W positions, and those with the analyser and polariser 
directions each at to this position. The reason for this will be 
explained later. Using the Joyce-Loebl microdensitometer under optimum 
operating conditions, a trace was produced across the line which bisected 
each photograph horizontally. „
- — • Each paper trace was cut along lines so that the bottom
line represented maximum transparency, and the top l ine maximum blackness.
The trace was also cut along the beginning and end, and a check made that 
the total area of each piece of paper was the same. The area above the 
tracewas proportional to the average degree of blackness of the photograph. 
The traces were cut along the line of the profile and the weight of all 
the top halves found. These were proportional to the degree of blackness 
of the positives.
4.3.3.2. Hypothesis to Aid Interpretation of 
Microscope Photographs
If it is imagined that all the fibres in a piece of bone are 
orientated along the length of the bone, then a transverse section with 
crossed-nicols would be completely black whether the analyser and polariser 
were in the N-S, E-W position, or at 45° to this position. For longitudinal 
sections, they would be completely black in the 0° position and maximum 
brightness in the 45° position. Allocating 100 for blackness and 0 for 
whiteness the distribution of numbers would be as follows.
0°
Transverse section. Longitudinal.- Radial. Longitudinal.- Tangential
.100 ......100......... 100
. . .  JLoo : :. ........0........ .... 0 ...
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Adding the 0° and 45° values the following ratios are obtained: 
Transverse (0+45)
Longitudinal Radial (0 + 45)
200
100 = 2
Transverse (0 + 45)
Longitudinal-Tangential (0+45) 100
- 200 , 2
If all the fibres are not orientated along the length the 
effect will be to change this ratio.
4.3.3.3 Results of Densitometric Work
Weight of paper above trace proportional 
. to degree of blackness of print
Specimen FEMUR ...... . . HUMERUS
0 °
1. Transverse
45°
.... 0,77 . 1.05
1.39 1.61
n o
2. Longitudinal - 
Radial
....  1.29...... 1.14
0.72 1.13
0°
3. Longitudinal -
Tangential .
1.41 1.07
......1.42...... 1.32
FT1(0 + 45) _ 2.16 _
FL2(0 + 45) 2.01
FT1(0 + 45) _ 2.16 _
FL3(0 + 45) 2.83
HT1(0 + 45) _ 2.66 _
HL2(0 + 45) 2.27
HT1(0 + 45) _ 2.66 _
HL3(0 + 45) 2.39
= 1.1
= 0.76
= 1.18
= 1.11
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4.3.3.4Conclusion of Densitometric Work
It can thus he concluded from the values of the said ratios that 
all the fibres were not oriented along the length of the bone.
If the orientation were equal in the longitudinal, transverse and 
radial directions the value of these ratios would be 1.
Thus it can be concluded that the orientation of the collagen 
fibrils is more nearly equal in every direction than exclusively longitudinal. 
This is a rather surprising conclusion.
4.4 femur
4.4.1 Femur Microradiographs
Discussion '
The transverse section 1 Fig. 38 of femur showed that the osteons 
were of lower calcification than the surrounding lamellae. The Haversian 
canal could be seen in the centre of each osteon, but in addition there 
appeared to be other canals in the transverse plane. On the endosteal sur­
face canals could be seen which communicated with the medullary cavity.
Large resorption cavities were also visible. The appearance was thus 
highly vascular, typical of young (l| yrs) bone. On the left hand side 
of the microradiograph there appeared to be a structure like a radial 
osteon marked A, and along the endosteal surface there is a tangential 
osteon, T. The longitudinal-radial section 2 Fig. 39 was from the outer half 
of the total longitudinal-radial section. This showed a remarkably 
regular lamellar structure. Osteons only appeared at the midosteal edge 
of the specimen. A vasular system was evident mainly in vertical lines, 
presumably between adjacent lamellae. There were some canals making an 
angle of about 45° to the length of the bone, and also some resorption 
cavities, narrow in cross-section. The longitudinal-tangential section 3,
Fig.40was cut from the plane outer edge of the transverse section, and showed 
osteons mainly along the length of the bone with some anastomosing
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(branching). The bone was highly vascular with some canals branching off 
from, the main Haversian canals. A few osteons made an angle up to about 
30° with the length of the bone.
4. 4.2 Preliminary Ideas About the Fibril Orientation in Bone
As the polarising microscope photographs looked rather complex 
at first,it was considered relevant to state the information so far 
established in this thesis about the fibril orientation.
1. The microdensitometer analysis of the photographs described in 
section 4.2.5 indicated that the orientation of the fibrils would be 
more nearly represented by a model in which fibrils were equally 
orientated in the longitudinal, radial and tangential directions, 
than a model in which all the fibrils were along the length of the 
bone.
2. The work of Ascenzi was in accordance with the above statement, in 
that it described the fibrils in bone as being orientated along lamellae, 
and either down, or round osteons.
4.4.3 Nomenclature of sections, and principles applied in 
Interpreting Polarising Light Microscope Photographs
In order to identify the large number of pictures a code was
devised as follows :
F = Femur
H = Humerus
T = Transverse
L.R.= Longitudinal-Radial
L.T.= Longitudinal-Tangential
Suffixes 0, 30, 45, 60, 90 = angle through which crossed-nicols rotated
together.
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Thus H.L.R.45 = longitudinal-radial section of humerus with 
crossed-nicols rotated through 45°.
The complexity of the information on these pictures seemed
daunting initially, and so it was important to identify first the basic
principles which could be employed in interpretation. If a section was
black in all positions of the crossed-nicols, it was an isotropic section,
and so would be made up of uniaxial fibrils in cross-section. If a
■ particular part of a picture was light or white in all positions except one
in which it was black, then in that extinction position the direction of
the long axis of the fibre would be in the direction of the analyser or
polariser. Thus, over the area of the photograph directions of the
fibres could be located from the polarised light photographs. As\data of
ed
individual fibril directions was collected from cross^ -nicol positions, it 
could all be plotted on the ordinary light photograph. In this way know­
ledge could be systematically acquired of orientation of fibrils throughout 
the field of view. The top photograph in each series was taken in ordi­
nary light. The specimen was kept stationary and the defined direction 
in the bone was the vertical edge of the picture. On some of the sections, 
for example the transverse section, the line marking the radius can be seen 
on the left hand side edge. As the specimen was kept stationary throughout, 
the identification of particular features, for different positions of the 
crossed-nicols was made easier. As already stated, it was necessary,in 
examining the pictures, to concentrate on particular features.
4.4.4 Femur Transverse Section 1 (FT), Fig. 411
Osteon A in the bottom left-hand corner could be seen in ordinary 
light to have two canals radiating from the central Haversion canal, 
similar to that observed on the microradiograph. This osteon remained 
dark for all positions of the cross-nicols. This indicated that there were
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predominantly basal sections here. Adjoining osteon A on FTq, was an 
area, B which was white.. On this area becomes black, on FT^ ^ it is
grey and white, and similarly for FT^ .^ This indicated that the direction 
of the fibres in this area was parallel to the analyser or polariser 
directions where they made angles of 30° measured in a clockwise direction 
with the two edges of the picture.
D was another Isotropic section of an osteon and C to the north­
west was white in all sections except FT^ q, so we have the fibre-directions 
again. There was a canal in the centre of this region, which could be
seen in ordinary light in section FT and this canal, like all canals,
was isotropic and so always black between cross-nicols. It was now possible 
that C was a lamella. As we consider the next portion E of this lamella . 
we see that E is black in FT^ and white in FT^ ,^ 45 and 60.
4.4.5 Femur Longitudinal - Radial Section 2 (FLR), Fig. 45
This corresponds to the microradiograph showing the lamellae in 
the vertical plane. Here it could be seen that most of the section was 
in extinction when the position of the polariser and analyser was, 
parallel to the edge of the picture. This indicated that on the right 
hand side of the picture the fibrils were orientated either along the 
vertical length of the lamella or across the lamella which would be the 
radial direction.
4.4.6 Femur Longitudinal - Tangential Section 3 (FLT) Fig. 46
Several osteons pass across this picture, as one would expect
from the microradiograph previously examined. At H, since this position 
is black in FLTq and white in FLT^ g, FLT^^ and FLT^ g, and black again 
in FLTgQ, the fibres were orientated parallel to the nicols. Thus 
with reference to the osteon, the fibrils were parallel to the length and/or 
the radius of the osteon.
- 12.2. - *
4.5 HUMERUS
4.5.1 Discussion of Microradiographs
The microradiograph of the transverse section Fin. 4-1 showed a structure 
which varied across the section. The outer periosteal region consisted 
of circumferential lamellae, with canals in transverse and longitudinal 
section. In the midosteal region osteons appeared and they were more 
densely distributed towards the endosteal surface. Along the line AA 
osteons seem to have formed along the line of the lamella. It looked as 
if osteons had formed round canals which were already present between 
the lamellae. Near the endosteal surface there were large resorption 
cavities, with new large osteons forming round them as at B. At C an ellip­
tical section of an osteon was shown, with its Haversian canal visible over 
part of its length before it disappeared.
The Xeroradiograph of Longitudinal - Radial Section HER, Fig. 4%, 
again showed highly vascular bone with large resorption cavities. There 
was evidence of lamellar structure particularly in regions A and B. In 
the midosteal region of the bone (c.f. transverse section) mainly longi­
tudinal osteons were visible, with their lower degree of calcification.
The longitudinal-tangential section HLT Fig. 43, showed very large resorption 
cavities. As the magnification was x35 these were about 2 mm long, and 
about the same width as an osteon, namely about 100 y. Some of the osteons 
made angles of up to 30° with the length of the bone.
4.5.2 Optical Microscopy of Humerus Sections 
4.5.2.1Transverse Section HT
In transverse section HT Fig. 47 in polarised light with cross-nicols, 
the osteons A and B had a very characteristic appearance, and this portion 
of the specimen was found repeatedly. At the four positions of the crossed- 
nicols osteon A was always black, and therefore represented an isotropic 
section of the fibres. Thus the fibres must have been mainly normal to
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the plane of the specimen (Ascenzi’s type 3). Osteon B, on the other hand, 
in its lower half was white in HT,0, hut blacker at 30° and black in part 
at 45°. Having established this fact,the orientation direction was then 
marked on the bright field picture. It was found that the direction of.the 
fibres was parallel to a lamellar direction in the osteon.
4.5.2.2 Analysis of Lamella LL, Fig. 48
The lamella which could be seen across the whole width of the 
photograph was next examined. It seemed of value to cut this lamella 
from each of the five photographs in which it was present. In this 
way it was found more easy to analyse the photograph, the eye being 
no longer distracted by adjacent areas.
It could be seen that there was a central isotropic strip in the 
middle of the lamella. On either side of this strip was an anisotropic 
region adjoining the lines of canals, round which osteons were forming. 
Considering the point P which is black on HT^ , it is white on HT^q HT^^  
and HT__. Thus the direction of the fibres was in one of the two dir-
D Ü
actions at right angles marked on HT (ordinary light). The point Q on HT^^ 
was black but the same point was white on HT^ , HT^^ and HT^ .^ Thus 
the direction of the fibrils was again a lamellar direction.
All these determinations of fibril direction pointed to the same 
interpretation. This was that the fibril direction was in the trans­
verse plane of the lamellar, and either along or radial to the lamella.
4.5.2.3Longitudinal-Radial Section 2 of Humerus HLR, Fig. 49
This section was cut from the midosteal region of the bone. It 
showed vertical sections of lamella. The area A was dark on HLRq , and 
light on the other three HLR sections. This indicated that fibrils were 
either radial or longitudinal in the lamellae.
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4.5.2.4 Longitudinal - Tangential Section of Humerus HLT, Fig. 50
This section would either traverse the length of a lamella, or perhaps 
movsd from one lamella to an adjacent one. This section featured the 
osteons. Using the procedure described,for osteon A,the alternative 
directions of fibril orientation were shown on HLT (ordinary light).
There was an area C on HLTg which was black, and which was white on
HLT , HLT and HLT^ .^ This indicated an orientation of fibrils either
30 45 oU
longitudinal or tangential.
4.6 PARTLY DECALCIFIED SECTIONS OF FEMUR AND HUMERUS
The same series of microscope photographs with rotating crossed-
nicols was produced for the partly decalcified bone, as for the undecalci­
fied bone already described. It had been thought that by comparison of the 
two sets of photographs it would be possible to differentiate between the 
orientation of the apatite and the collagen fibrils. However, this was 
not possible. This has been explained as being due to the fact that the 
apatite crystals are smaller than the wavelengths of light, and therefore 
only contribute a background scatter, as they are not coherently arranged
in bone.
4.7 COLOUR MICROSCOPE PHOTOGRAPHS OF .DECALCIFIED SECTIONS OF FEMUR
AND HUMERUS ~
Because higher order interference colours appeared when the sections 
were completely decalcified^colour film was used. However, no significant 
additional information seemed to be presented by the photographs.
To avoid repetition, and also undue expense, only a few photographs of 
particular interest were reproduced from this series. Figure 51 
shows the osteon A from the transverse section of humerus. Décalcifica­
tion does seem to have had the effect of revealing circumferential lamellae, 
which were not visible in the undecalcified bone. It seemed noteworthy
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Microscope Photograph of Decalcified Transverse Section 1 of Humerus 
showing Osteon A.____________________________ ________________
FIG. 51
Osteon A Some circumferential lamellae can now be seen
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Microscope Photographs of the Decalcified Longitudinal-Tangential Section 3
of Femur, with Specimen Stationary and the nicols rotated in positions
0°, 45° and 90°. ___________
é
\
FIG. 52
The osteon is in partial extinction parallel to the crossed-nicols, indicating 
that the orientation of the fibrils is mainly along the length of the osteon.
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that in the transverse section the interference colours were of a low order
The three photographs. Fig. 52 , showed part of the longitudinal - 
tangential section of femur. The specimen was rotated in this case, with 
the crossed-nicols maintained in the N-S, E-W positions. The osteon was 
seen in extinction, then maximum brightness, then extinction again.
The variation in interference colours along the length of the osteon was 
probably due to changes in the orientation of the fibrils in the osteon, 
with respect to the length of the osteon. The highest interference 
colours would correspond to the fibres which made an angle of 45 with 
the crossed-nicols.
4. S Microscope Photographs Showing Features of Spécial Interest
In addition to the three series of photographs already described 
some additional pictures of undecalcified bone were taken at different 
magnifications, which picked out other features. A few of these were 
next reproduced. Fig.53 showed an area of well-developed osteons in the 
transverse section of the humerus. In ordinary light, the osteons, 
with Haversian canals, lamellae, lacunae etc. were easily distinguished.
In crossed-nicols this section showed dark osteons with the characteristic 
light circumferential lamella. The Maltese cross in the central region 
of some osteons was probably in the collagenous pre-bone region.
.A branching canal was shown in Fig. 54, the photographs being 
in ordinary light and with crossed-nicols. It seemed, as if the 
lighter areas in the latter adjoined the canals. Perhaps these were areas 
from which the apatite has been transferred to the circulating blood
in the canals.
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Microscope Photographs of the ' c^alcified Transverse Section of Humerus, 
showing Osteons in Ordinary Light, and with Crossed-nicols.________ __
ORDINARY light
C R oS S ED -N fC O LS
FIG. 53
In ordinary light, the structure of the osteons can be seen, with Haversian 
canals, lamellae and lacunae. In crossed-nicols the circumferential fibrils 
can be seen, and also the Maltese cross indicating a circumferential structure 
in the pre-bone region.
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Microscope Photographs of the calcified Longitudinal-Tangential Section of
Femur in Ordinary Light, and with Crossed-Nicols .___________ _ ______ ______
O R D / N A R Y  l i g h t
%
C R O S S E D  - N I C O L S  
FIG. 54
The anastomosing canals and lacunae can be seen in ordinary light. With 
crossed-nicols the lighter areas seem to adjoin canals, perhaps indicating 
loss of anatite in these regions.
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4. CONCLUSIONS OF'HISTOLOGICAL WORK
The conclusions of the histological work described in this 
chapter, are listed below.
Microradiography
1. The microradiographs show that the structure of bone at the osteon- 
lamella level varies markedly from periosteal to midosteal to endosteal 
regions.
2. The osteons are less calcified than the surrounding lamellae, and 
are orientated along the length of the bone.
3. Large resorption cavities and canals exist, and these are also
orientated mainly along the.length of the bone.
Polarising Microscopy
1. The examination of bone under polarised light reveals that bone is
composed of a matrix of oriented fibrils.
2. Décalcification of the bone improves the resolution of the fibril
structure. The presence of the apatite thus masks the observation of 
the fibril orientation-.
3. The orientation of the collagen fibrils in decalcified bone is
very intricate, and shows rapid local variations. Close examination of 
particular regions, such as lamella LL, shows that there are areas where 
the fibril orientation is in a state of change, as osteons form from 
lamellar bone. The continual remodelling of bone is a well-known process
-~ { o' “
4. Compared with the highly organised apatite distribution which 
seems to be fairly constant as shown by the pole figures, the local fibril 
structure is very complex.
5. An analysis of the microdensitometer traces shows that a model
in which the collagen fibrils are equally orientated along three mutually 
perpendicular axes is closer to the actual structure, than a model in which 
all the fibrils lie.in one direction. This point needs further investiga­
tion.
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Ch a p t e r  V -  Co n c l u s t o m s
5.1 INTRODUCTION
Throughout this work it has been the three-dimensional structure 
of bone which was of interest. In the table below the results from the 
three techniques used are summarised.
POLE FIGURES MICRORADIOGRAPHY POLARISING MICROSCOPE WORK
Distributions of ori­
entation of apatite 
crystals which are 
highly organised, and 
remarkably constant.
a) Orientation of oste­
ons , lamellae and 
vascular system, in 
three perpendicular 
sections.
a) Histology of oste­
ons, lamellae, vas­
cular system, cells 
etc. in the same 
three sections.
b) Distribution of 
calcification.
b) Orientation of 
fibrils shown on 
ordinary light 
photograph.
5.2 A COMPARISON OF THE RESULTS PRODUCED BY POLE FIGURES, MICRORADIO­
GRAPHY AND THE POLARISING MICROSCOPE
The pole figures showed that in all the bones considered, there 
was a distribution of orientation of apatite crystals throughout space. 
The most noteworthy feature was that these pole figures all showed 
basically the same character. The type of difference detected between 
different bones, was that the angle through which the intensity fell 
by half was 38° in the section from the shaft of the femur, and 21° in 
the mandible.
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This conclusion was allied to one which has puzzled workers on the
(0
x-ray diffraction film patterns of bone, As Amprino and Engstrom remarked 
in 1952, "The three varieties of bone tissue, fibrous, parallel fibred, 
and lamellar bone show the same X-ray diffraction patterns, regardless 
of the degree of calcification of the matrix, and the age of the bone 
material."
Although the pole figures represented the distribution of orienta­
tion in three dimensions, and enabled it to be quantified, the nature of 
the evidence was essentially the same as for the previous film patterns.
The orientation of apatite crystals was remarkably constant, whether the 
bone was periosteal lamellar bone, or bone with many osteons, either 
primary or secondary. A feature of the pole figure method was that it 
produced a three-dimensional picture from a single section.
The longitudinal section was used, because, considering the 
morphology of cortical bone, this was the only direction in which a 
15 mm diameter section was possible.
In the case of microradiography, in order to make a three-dimensional 
study, it was necessary to cut three mutually perpendicular sections.
The microradiographs showed structures at a comparatively low level of 
magnification. The main features were that the osteons were approximately 
lOOy in diameter, and less calcified than the surrounding lamellar bone.
The bone was seen to be highly vascular, and to have large resorption 
cavities, which were about lOOp in diameter and 0.5 to 2 mm in length. 
Moreover, the periosteal region seen on the longitudinal-radial section 
of the femur showed a lamellar structure with few canals and no osteons.
Yet one must bear in mind that the pole figure, and diffractometer profile
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for section 2 of femur C, which was a periosteal section, showed close 
similarity with midosteal sections 6,7 and 8 from a region of osteon 
development.
The longitudinal microradiographs of the humerus showed similar 
features. In this case, the osteons in the longitudinal - tangential 
section seemed less aligned than in the femur, and there were resorption 
cavities 2 mm long. But the degree of orientation of the apatite crystals 
was greater in the humerus sections than in the shaft of the femur.
The fact that the structure revealed by the microradiography was 
so varied, was surprising, in view of the fact that the distribution of 
orientation of the apatite crystals was so highly organised as shown by 
the pole figures. The same sections of bone which had been used for the 
microradiography were studied with the polarising microscope, with 
rotating crossed nicols. The purpose of this work, in addition to 
describing the histology, was to determine the orientation of the fibrils. 
As already described, it was found that the orientation of the fibrils 
varied widely between the osteons and the adjacent lamella bone, and also 
within each lamella.
The purpose of first studying the undecalcified bone with the 
polarising microscope, and the decalcified bone was to try to find the 
effect of the apatite on the determination of the fibril orientation.
One difficulty with the interpretation of the polarising microscope 
results was to disentangle the contribution oT the apatite from that of 
collagen. The effect of the bone apatite crystals on polarised light
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does not seem to.have been discussed in the literature. Ascenzi and
Bonucci simply refer to fibrils, and their orientation, without
discussing whether they mean only collagen, or combined collagen and
o
apatite. At first glance it might appear that the 300 A non-coherent
apatite crystals might not affect the images seen in polarised light,
but only add to the background. If we assume that the wavelength of the
o
light used has an average value of about 5000 A, from the Rayleigh 
criterion for resolving power,
8 = 1.22-^ , i.e. 0 = 1.22 x ~ 24 radians.
This means that the zeroth .order of diffraction is spread out over 16 
times the numerical aperture of the microscope (about 1^  radians), and 
thus by the Abbe theory of the microscope, can only contribute to the 
background and not the image.
This does not necessarily mean that the apatite has no other 
effects on the images seen in the microscope. For example, there may be 
interaction between the light scattered by the collagen and the apatite 
that could produce variation in definition. To investigate this point, all 
the sections were examined under polarised light with crossed-nicols 
in the calcified, partially decalcified, and completely decalcified state. 
The effect of décalcification was to improve the general clarity of the 
images without substantially altering their structure. This required 
further investigation.
fi.dThe work with rotating cross^nicols in polarised light defined 
completely the direction of orientation of the fibrils if the fibril 
image was isotropic. If the region of fibrils under consideration was 
not isotropic, there were always two possible directions of fibril 
orientation, i.e. parallel to either nicol.
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Examination showed that one of these directions was always parallel with 
the lamellar and the other perpendicular to this direction. The extinc­
tion direction only shows the orientation of the fibrils with respect to 
their projection on the plane of the section. Under favourable conditions 
the angle of orientation ((j>) of the fibrils to the plane of the section 
can be estimated from the intensity, as this will vary with cos (f>.
5.3 PROBLEM OF THE RELATIONSHIP OF THE APATITE AND THE COLLAGEN FIBRILS
All the X-ray diffraction methods used averaged the orientation of 
the apatite crystals over the area irradiated. One problem was how 
completely the apatite crystals were all aligned along the direction of 
the fibrils. There were several clues. Hardman (2 ) has shown, by 
decalcifying bone and producing X-ray diffraction film patterns, that 
the collagen can be as highly oriented in bone as in tendon. Electron- 
micrographs of undecalcified bone appeared to show crystals lying with 
their ’C’ axes parallel to the collagen. In order to reconcile these 
results, both the collagen and the apatite orientations would be required 
to show abrupt local variations, but also to have a preferred distribution 
of orientation, as shown by the pole figures and other X-ray diffraction 
methods.
Why is the apatite orientation so constant? It has been shown in 
the preceding analysis that there was no obvious correlation between the 
highly organised distribution of the apatite crystals in bone, and the 
localized histological structure' of bone as revealed by microradiography 
and the microscope.
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Thus it seemed that the reason for the.apatite distribution was 
not to be found solely in the biological structure. As mentioned at 
the beginning of this thesis, bone was to be studied not only as a 
biological tissue, but also as a composite material. There seems no 
reason to doubt that in bone, as in other biological tissues, structure 
will be related to function. One of the functions of bone is to withstand 
stresses. In bovine locomotion the femur and the humerus must be subjected 
to stresses varying between well-defined limits, in both magnitude and 
direction. The mandible, in its rotary grinding motion, is subjected to 
a different range of stresses from the humerus and femur.
The proposal here is that the distribution of apatite crystals is 
related to the stress system in the bone.. No attempt has been made to 
analyse the nature and range of the stresses in the bones. However, it is 
considered relevant that in the case of specimens from the shaft of the 
humerus and femur, the maximum orientation was along the length of the 
bone. In addition, considering the range of intensity distribution in the 
longitudinal - tangential plane of the bone, the intensity only fell by 
about half from the longitudinal to the tangential direction. This is 
probably the approximate plane of movement of the bone in locomotion.
By contrast, in the mandible, the direction of maximum orientation 
of the apatite crystals was along the length of the bone. The mandible 
may be considered as a cantilever fixed at one end. In this structure 
the direction of applied stress is along the length of the cantilever.
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It seems reasonable to take the results from these three bones 
as an indication that the apatite crystals are aligned with an intensity 
of distribution proportional to the stresses to be borne by the bone.
5.4 OSTEONS
Two problems which may be considered regarding osteons arising 
from this work are why there are light and dark osteons, and why the • 
osteons are less calcified than lamellar bone. The reason for the 
lower calcification may be that they are regions which can most easily 
give up their calcium and other ions to the blood through the central 
Haversian canal.
The transverse section of the. humerus shows the osteons A and B. 
These are identified on the microradiograph. As far as can be seen from 
the microradiograph these two osteons are equally calcified but A is 
dark and B is light. It seems that the different osteon structures 
may exist in order to introduce the necessary flexibility into the system 
so that in spite of the formation of osteons, which make the exchange of 
ions more efficient, the overall apatite orientation can be maintained.
Another idea is that as the bone changes from lamellar to osteon 
bone, so the collagen fibril orientation gradually changes from circum­
ferential and radial to longitudinal. During this process the collagen 
orientation which was being discarded could possibly release the apatite 
with which it was associated, still maintaining the same preferred 
orientation.
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However, there is the strong possibility that the light and dark 
osteon theory proposed by Ascenzi may be caused by a masking effect from 
the apatite microcrystals. The appearance of the light and dark osteons 
could be caused by the apatite crystals forming groups whose size may 
approach that of the wavelength of light. This would cause ill-defined 
diffraction effects, giving light and dark regions not easily related 
to the histology of bone. Some evidence for those possible effects may be 
seen in Fig. 54, where definite, but ill-defined dark regions appeared 
on crossing the nicols.
5.5 FINAL COMMENTS
It may thus be seen in this work that complete unification of 
the results obtained from X-ray diffraction, microradiography and polarised 
light microscopy has not been achieved. The problems mainly arise from 
the various levels of organisation in which bone functions. The use of 
X-rays and light waves correspond with these different levels of organisa­
tion, but the interaction of the apatite crystals with the polarised light 
is obscure, and has not been discussed in the literature. The averaged 
results obtained by the Schulz goniometer show that a highly organised 
distribution of orientation exists in all the bone investigated, but there 
was no obvious evidence of this on a histological scale.
Thus the orientation of the apatite crystals in bone is controlled 
by a mechanism not easily related to the histology, but perhaps related 
to the stress.system. This mechanism could be supplied either by a purely 
physical means, such as the piezo-electric effect, or by the living cells.
(1) Amprino, R. and Engstrom, A. Studies on X-Ray Absorption and Diffraction 
of Bone Tissue. Acta Anatomica. 15.1.1952.
(2) Hardman, T.J., MSc Thesis, page 39. 1973. University of.Surrey.
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5.6 PROPOSED FURTHER WORK
1. Valuable additional information would be obtained from pole 
figures of the collagen orientation in bone. If the distribution of 
collagen orientation were the same as that for the apatite crystals, 
then it might be deduced that the collagen and apatite crystals were 
parallel. If the distribution of orientation of the two components 
were different, then their relationship would be more complex, and 
provoke further conjecture.
n-
2. A detailed electromicroscope study over a small transverse 
section of bone could be made to see whether any difference in 
orientation of the apatite and collagen can be detected between say
an osteon and an adjoining lamellar region. This would be interesting 
because the polarising microscope work reveals sudden changes in orienta­
tion of fibrils.
The question is whether both the apatite and collagen orientation 
are changing locally, or only the collagen.
3. In this work specimens have been chosen from healthy bovine bone
l| years old, and from regions of bone where the morphology indicated that 
the maximum uniformity of texture might be shown. There are many develop­
ments of this theme: different bones of the same animal, different
animals, the same bone of different ages, diseased bone. Study of fossil 
bones might reveal information about the evolution of bone, and the pole 
figure method might aid archeological studies about whether bones were 
of wild or domestic animals, if a correlation could be found between the 
orientation of the apatite crystals and the amount of movement the bone 
had experienced in life.
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Appendix : p r a c t ic a l  procedures
In order to maintain continuity of the main body of the text some 
details of methods, or equipment used, were omitted. An attempt is made 
in this appendix to rectify this, and also to emphasise points which the 
author would consider to be important if the work were to be developed.
The topics covered are the use of the macrotome; the use of the 
Schulz texture goniometer with particular reference to the problems in 
using bone; the design and use of the microradiography camera, and the 
polarising microscope work.
A Macrotome : Specimen Preparation and Thickness
The preparation of the specimens in all parts of the work was con­
sidered to be very important. This was particularly so in the case of 
the thin sections of bone which were required for use in the transmission 
mode of the Schulz texture goniometer, the flat-plate diffraction camera, 
the polarising microscope and the microradiography. It was necessary 
that the bone sections were of uniform thickness, and the surface of the 
bone as smooth and undamaged as possible. It could easily be imagined 
that because of the very small size of the apatite crystals, and the 
nature of the matrix in which they are embedded, that rough treatment 
occasioned by rubbing or grinding would upset the structures being 
examined.
 ^— llt-i. —
The.instrument which, was used for all the cutting procedures was
the Metals Research Macrotome 2. A photograph of the instrument being
used to cut a section from a bovine femur.is shown in Fig. 55.
An important feature of the instrument was the precision of the
blade, which was about 300p thick, perfectly flat and the cutting edge
being coated with diamond dust. It was possible to adjust the cutting
speed, and a.blade speed of about 3 x 100, as shown on the dial,
was found to give optimum results. It was very important that the blade
was carefully handled to avoid any damage to the edge and to the flatness
In the initial stages of the work when first attempts were being made to
use bone in the transmission mode of the Schulz texture goniometer, a
calculation was performed to find the thickness of bone which would
permit the intensity of the transmitted beam to equal half the intensity
of the incident beam. This calculation was summarised below.
px
IPJ
Where I  ^ = intensity of incident X-ray beam
I^  = intensity of transmitted beam
X  = thickness of specimen
\i = linear absorption coefficient 
p = density
Let W- 5 W  ^etc. be the weight fractions of elements 1,2 etc. 
r "I r 'I
in a substance, and — , — etc., their mass absorption coefficients.
iPJl IPJ2
The mass absorption coefficient of the substance is then given by:
r
H
IPJ 2
/43
üÊÊmà
m
BlADrVFtEO X 100 BlADCniOVEIIENT
M A C R O T O M E  Z
5'6"
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Substituting the mass absorption coefficients for Cu K , and assuming 
the formula for hydroxyapatite to be Ca^(P0^)3(0H),
^ Chydroxyapatite) =82.5
p (hydroxyapatite) =3.16
X  = 26y
but bone contains 70% hydroxyapatite by weight and density of bone = 1.85 
. .  X  = 58p
Considering the generalisations made in this calculation, it was 
o l^y justifiable to use the result as an order of magnitude. Consequently, 
the aim in the work was to produce sections of lOOy thickness. This was 
done in most of the work. Where it was not achieved, it was due to the 
blade becoming slightly buckled. However, the importance of specimen 
preparation cannot be overemphasised. In view of the large amount of time 
and energy subsequently spent on work with the specimens it was certainly 
advisable to spend additional time in repeating the preparation of 
specimens which were not up to standard, as any initial imperfections never 
cease to mar the value of the final results. This was advice which it was 
occasionally easier to give than follow.
The radiographic and the crystallographic work were both carried out 
USin<^  'crystallographic X-ray tubes with copper targets, and the tube carried 
a nickel filter in the Schulz work. In the crystallographic work, the 
tube voltage was approximately 35 KV, and in the radiographic work, the 
tube voltage was 10 KV. Although the intensity distribution of the X-ray 
spectrum was quite different in the two types of experiment, the speci­
mens seemed to be reasonably suitable for both at the thicknesses used.
This thickness was also suitable for the optical work, but it might be 
possible in future work to vary the specimen thickness in order to
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bring out special features, for example in the microradiography.
B, Schulz Texture Goniometer
Diagrams of the Schulz texture goniometer in the reflection and 
transmission mode are shown in Figures 56 and 57. These figures were 
traced from the manual, but it was felt that the simplification under­
taken and the labelling may be of some aid to the new user.
The Schulz texture goniometer is an instrument which can rotate 
a specimen of material about two axes simultaneously. In 
operation the incident beam of X-rays makes an angle 6 with the 
diffracting plane and an angle of 20 with the counter. The 0 angle 
is set for the required set of (hk£) planes. The specimen is rotated 
simultaneously about the specimen normal, and also about a line which is 
in the plane of the specimen, and the plane containing the incident and 
diffracted beams. A complete rotation about the former axis(angle 6 
on the pole figure) was executed in a change of the plane of the specimen
of 5°. The position of the specimen is systematically varied so that
when the crystals in a material are orientated in many different directions, 
all orientations of say the (002) planes are presented to the incident 
beam in succession, and the intensity of the consequent diffracted beam 
recorded. Thus the locus of the reflecting planes is a spiral of 5° 
pitch in the reflection mode.
Because of absorption complications when a>70°, it is necessary 
to use a different mode of operation, namely the transmission mode.
As the name implies, in this case the diffracted beam must actually
pass through the specimen. If the thickness of the specimen of bone 
is greater than about lOOy the diffracted beam will not be detectable.
1^. G
SCHULZ TEXTURE GONIOMETER (TRANSMISSION MODE)
Specimen Holder
Detention pin.Base, of specimen holder which
obstructs the diffracted beam 
at certain .angles.
FIG. 55
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In the transmission mode movement of the specimen is different from the 
reflection mode. In the.latter the locus of the reflection plane 
normals on the stereogram is a spiral. In the case of the transmission 
mode a is set at a definite angle, say 70® and a complete revolution of 
6 made, a then has to be reset at 75®, 80®, 85® and 90®. Thus the 
loci of the reflecting plane normals in the transmission mode are five 
concentric circles at a = 70®, 75®, 80®, 85®, and 90®.
In the transmission mode the operation of the instrument is more
tedious than in the case of the reflection mode. In the latter having /j 
set the 0 angle, and starting at a = 70®, it takes 7 x 16 mins = 112 mins 
for the instrument to follow the spiral from a = 70® to 0®. In the 
transmission mode the value of a must be changed every 16 mins. In 
addition in the case of the (002) and (310) reflections, as already 
described, at certain angles of a the diffracted beam was intercepted by 
the base of the holder when this part of the holder was at its maximum 
height in the revolution of 6. To rectify this problem, the lower 180® 
of 6 were scanned, and then the specimen was inverted and the same 180® 
of 6 rescanned. This meant that in the transmission mode an adjustment 
had to be made every 8 minutes.
Plotting of Pole Figures
A pole figure is a stereogram on which equal densities of poles 
are contoured. The intensity of the diffracted beam on the trace, is 
proportional to the planes in the specimen in a particular direction, 
or to the pole density on the pole figure.
The conversion of the data on the traces to pole figures involves 
reading intensities from the traces on an arbitrary scale, at regular 
intervals, say 10®. In this work, in order to comply with the computer
f49
i'%0 : !
HO 5
L^HGi -rvpi UAL frcr \0 H  7. dr Bav FPHUR C apatitg 001 
S2
1 9 
3g
3 6
35 ■)7 ) y 39 44 41 57' / : /
3 f 3S 7^ f O 4/ f ? 5 / Sr 6 /
• S3 7 f 3 4 40 43 44 50 5 6
: 74 ■ 7 f 7 f 41 .4/ 43 4-? ^ 5'3 i f
39 37 3» 3 y 40 4 4 5 0 59- 3 5
•35 76 36 3S- 40 43 44 i'C 57
35 37 3 7 3? 7» 43 4,4 51 52
74 3 5 35 36 3 f 4 / 45 4 1
3 0 5 3 / i 7 3 5 3 ? il 44
a? 2.8 aq J f 33 35 35
70 30 3 0 7 / * 71 33 76 40 47
. '■7 2 f 30 11 70 7 1 3 f 7 6 36
■ 30 70 71 71 77 76 76 4 0 4 f
28 70 70 7 1 77 31. 74- 3 f
' 7 1 37 7, 77 36 77 4 0 63 . H
.*-6 26 XI 25 11 30 7 / 3 5 3 5
33 33 7 5 77 36 7 5 7? 3 f 4-0
25 25 Is 27 26 I Ÿ 7 f 7? 3 3
' 71 71 29 7» 71 7 4 7 4 7? 7?
23 24 24 2 6 26 21^ 21 7 2
•' I f I f 29 7 ' 3 / If 30 31 7 4
i f 24 22 23 1 4 26 26, 24- Zg^
23 2? 1 7 J2g OS- 32
23 22 2 4 2 3 2 4 1 5 2 7 2 ?
2 5 2 7 2? 2^ a 5 JZf 2 5
21 a 0 23 11 2 1 2 1 14 2 5 J >
2 4 24 25 . 2 5 ti­ 26 2 5 2 6
. .Z-Û 1 1 11 20 2 / ll 11 13 Z3• 21 %S Z 2 2 / 22 1 s 2 / Z I 24.
2 0 10 20 21 21 21 23 li 2 /
" i i 1 1 21 13 21 2 2 22 2 1 2 3
/ ? ZO 20 19 to 2 0 2 1 Zl 2 /
2 / 1 7 10 21 1 1 20 20 to Z l
- ' f 1 1 n 20 10 / 1 t r I 0 1/M n 10 10 10 11 2 1 to 1 0
■ i1 19 20 2| 1 0 11 1 / 1 1i r 1C 1(7 to / r / ? / f to
1?
10 / 7 IS- 1? M  . /? . to
0
0 0 0 0 0 0 0 0 0 0 0 0
/ 4
I  / .  5 24 ,. 5 2 7.  5 ; 3 0 . 5 33. 5 36 . 5
5 4 . 5
0
5 ? - 5 6 0 . 5
fl
L-Ç
n
Vi
fb
.<ç-
so
4 6
40
44
) ?
43
3 (
L-Z
) Z
) r
30
34-
Z?
5 2 
26
Z >' 
2 6 
23  
2 3 
J2 /
2 3 
2 <? 
2 c 
2 /
I o 
lo
II 
10
{■I
i.o
4(? .46
5?
46
4;- 41
C<5
4 1 
43  
J f
ko
57- 43
53 
.ri 
47
47 
4 5  
4 6 
4 1  3 ?
yo 4 3
47
55
53
<>■3
43
43
4 5
(4/
4 /
3V
47
4 /
4é
3 f
35 
J f
36 
4-/ 
3 ?  
4 /
43 4/ 3S-
34 3<-
3é 32 
3 /
34
45 44-
3 7
3 f
) o
7 4
7 f
34
37
34
34
25" 2?
31 
IS
Jt
}S
18-
4Z
Ÿ /
40
v f
3 ?
39
3 / 30
2 7 27
2<4 J? 2V-
2 4  2 5
2 5  2 5  
2 / 22 
: V 
22 
2 /
32. 30
30 2 f  
3 f 25  
21
J f  I ?
2 ? a5 
26  
23
24 
2 6  
23 
2 i 
21 
2 32 0 2 / 
2 c II
ZO Zl~ 
10 il
n  l&
19
to
3 3
II
it
ZO
2 /
2 I 
LI 
IS­
I S  
2 6  
24 23
IZ Zl 
Z I 
22
2 O
3 O
It 
22 
It 
z 3
10  ZO
2 0 20
2 0 ZO 
ZO I 7
ZO ZO  
2 / 2 /
/ 7
20
Zo
/ 5
/ ?
I f
a
35
;3>i
37
3?
3 5  
4 0 
3 f  
JV
3 6
33
3?
73 30
34 33
)f 7 7 
75 j?
7 /
3 / 
3 )
34
32
J / 
7 I 
7 I 
S3 
SO 
3L 
i?
3 0
30
50
51 
29 
3 / 
2 f
0 0
3<t 7 2
25 2?
30 J I 
2?- 2 5
2 ?  27-
2? 26 
2 ^  2 7
2 5
2J
22
2 5
23
.24 23
Zl ZZ
Z i 
32
Z I 
30
3if 2 0  
3 0 30
10 
/ 7
I 9 
/ 5
I ? to 
J? ZO
I? 
/? 
I 3
n
/ ?
/ ?
•57
40
3 7
35
3 5  
3 ?  
? J
2 5  
3 0  
2 7
30
2 ?
J /
2 7 
SI
26  
2? 
2 5
27
i J
27
2 3 
24
^ 4  
2 Z 
2.1 
20 
2 9  
/ f 
2 / 
/ 7
/ f
19
IS­
IS-
I ?
5 / .  5
fiq  S'S
- 150 -
program requirements, the intensity value was taken at every 10° of 6.
Thus in 360 of 5, 36 readings must be taken. A trace was shown on Fig. 59
On the reflection mode chart, every 5° of a is marked from 70° 
to 0°. Using a template, which divides the 5° of a into 36 x 10° of 6,
36 readings of intensity are taken. The layout of a typical set of 
data is shown on Fig. 58. As described elsewhere it is necessary to 
match, as well as possible, the reflection mode and transmission mode 
data at a = 70°. As the area irradiated in the two modes, and the 
principles involved are different, a match can only be obtained if the 
texture is uniform. It was found with the specimen of humerus taken 
from the joint area, that this match was not possible.
In this work only bone from flat comparatively uncomplicated 
regions was used. Further refinements may be necessary to use the method 
for bone from joint areas.
C. Microradiography
The camera used for the microradiography was designed and made by 
John Tucker of Chemical Physics. A drawing is shown below.
gpCC.1 Q,no(
I Co^ vi'ly
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The specimen is placed in the cavity shown, and a piece of sensitive 
electronmicroscope photographic plate was cut to the requisite size and 
placed on top of the specimen. Specimen and plate were covered with the 
light-proof cover. It was possible to rotate the specimen container 
about the line indicated so that irregularities in the intensity of the 
X-ray beam could be averaged. Two projections on the camera enabled it 
to be attached directly to the X-ray beam source. Trial showed that 
the optimum operating conditions were 10 kV, and 30 - 60 seconds exposure 
depending on the thickness of specimen.
0 Polarising Microscope
The instrument used was a Zeiss photomicroscope 2 which incorporated 
an automatic camera. This model has an analyser with a mechanism for 
its rotation. The polariser was of a very simple nature without any scale 
or means of rotation except by hand. However, the inadequacies were over­
come by making a scale and aligning the defined direction of polarisation 
as accurately as possible.
However, it is considered that the method described in Chapter IV 
for analysing the direction of the collagen fibrils locally might be 
developed and improved. In the light of experience it would be considered 
advantageous to completely decalcify the bone with E.D.T.A. or 0.5 N HC& 
and to use more positions for the rotating crossed-nicols: 0, 15°, 30°,
45°, 60°, 75° and 90° would be suggested.
The reason why the higher order interference colours occurred 
on complete décalcification needs further investigation. It may be due 
to the incorporation of water in the material, because Carlstrom found a 
similar effect of increased birefringence in enamel which had been 
immersed in fluid.
-The reference for this work is given below.
Studies on the ultrastructure of dental enamel, 
J. Ultrastructure Research. 8, 24-29 (1963). ' '
